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FOREWORD 


The  purpose  of  the  two-day  meeting  held  on  August  27-28,  1968,  at  the 
Federal  Aviation  Administration,  Washington,  D.C.  ,  was  to  discuss  the 
"Utilization  of  Time/Frequency  Techniques  in  Collision  Avoidance  Systems." 
Participating  organizations  were  Government  agencies  active  in  the  field  of 
time/frequency  application. 

Presentations  made  at  the  meeting,  complete  or  in  summary,  are 
included  in  this  publication. 

The  attendees  suggested  that  a  summary  of  past  and  present  FAA  projects 
for  Pilot  Warning  Instruments  (PWI)  and  Collision  Avoidance  Systems  (CAS) 
be  attached  to  the  minutes  for  general  information.  Appendix  I  contains  FAA 
PWI-CAS  projects,  Appendix  II  contains  ADSA  Chronology,  and  Appendix  III 
contains  the  status  of  PWI  projects. 

As  part  of  the  initial  correspondence  to  respective  attendee  organizations, 
replies  were  solicited  for  a  number  of  questions.  Appendix  IV  contains  the 
August  1968  questionnaire  and  a  matrix  of  replies  received. 

Appendix  V  contains  a  December  1968  questionnaire  for  your  reply. 
Answers  to  this  questionnaire  may  provide  guidance  and  direction  to  the  FAA 
as  to  logical  development  of  the  aviation  ground  facilities  required  to 
disseminate  "time"  for  airborne  T/F  CAS  equipment. 

Recipients  of  these  minutes  are  encouraged  to  complete  Appendix  V, 
clip  out  and  return  it  in  the  self-addressed  envelope  enclosed  within  a  few 
days  after  receipt.  Results  will  be  tabulated  and  made  available  to  recipients. 
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Opening  Remarks 


The  meeting  was  opened  by  Mr.  Robert  M.  Buck,  Federal  Aviation 
Administration,  Systems  Research  and  Development  Service,  Detection 
Systems  Branch,  who  welcomed  the  attendees  and  expressed  his  appreci¬ 
ation  for  their  participation.  Mr.  Buck  introduced  Mr.  John  A.  Weber, 
Director,  Systems  Research  and  Development  Service. 

Mr.  Weber  discussed  the  Federal  Aviation  Administration's  role  in 
development  of  a  Time/Frequency  Collision  Avoidance  System  (CAS).  He 
pointed  out  that  the  system  utilizes  precise  time  ordered  techniques 
requiring  highly  accurate  time  synchronization  of  ground  and  airborne 
stations.  He  also  pointed  out  that  since  the  procurement,  implementation, 
and  maintenance  of  the  ground  station  network  would  be  the  responsibility 
of  FAA  and  since  the  agency  had  little  past  experience  in  precise  time  and 
frequency  techniques,  the  agency  had  invited  Government  experts  in  the 
field  to  obtain  their  views. 

Mr.  Weber  stated  that  the  purpose  of  this  meeting  was  to  assist  us  in 
determining  the  best  method  for  establishing  and  maintaining  precise 
synchronous  time,  and  to  this  end  it  was  our  desire  to  find  out  what  work 
had  been  done,  is  being  done,  and  remains  to  be  done  to  meet  our  responsi¬ 
bilities.  He  pointed  out  that  since  we  all  work  for  the  same  Government 
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and  are  subject  to  similar  budget  considerations,  it  behooved  us  to  deter¬ 
mine  the  resources  that  are  available  elsewhere  to  help  us  and,  similarly, 
how  can  our  work  help  others.  Mr.  Weber  concluded  by  expressing  his 
appreciation  on  behalf  of  the  FAA  for  the  interest  and  attendance. 

At  the  conclusion  of  Mr.  Weber's  remarks,  Mr.  Buck  introduced 
Mr.  John  L.  Brennan,  FAA,  Air  Derived  Separation  Assurance  (ADSA) 
Subprogram  Manager. 

Mr.  Brennan  stressed  the  general  purpose  of  the  meeting.  Specifi¬ 
cally,  he  stated  that  we  wish  to  determine  how  best  to  establish  and 
maintain  synchronous  time  to  the  accuracies  required  for  CAS  (+  0.  5  ps, 

3  sigma,  as  currently  described),  and  while  our  overall  program  would 
be  described  briefly  for  background  purposes,  discussions  should  be 
restricted  to  those  aspects  relating  to  time  synchronisation.  Mr.  Brennan 
distributed  the  latest  revision  of  the  CAS  technical  description  as 
developed  by  the  Air  Transport  Association.  He  explained  that  the 
description  is  updated  periodically  as  a  result  of  meetings  of  the  ATA's 
CAS  Technical  Working  Group  (TWG)  and  that  undoubtedly  there  would  be 
further  revisions  forthcoming.  He  stated  that  based  on  prior  work  done 
in  the  area  by  FAA  and  others,  the  conclusion  was  reached  that,  under 
the  current  state-of-the-art,  the  T/F  technique  offered  the  greatest 
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potential  for  a  CAS  system. 


Mr.  Brennan  went  on  to  say  that  the  system  described  by  the  TWG 
is  a  time  ordered  system  utilizing  three  second  epochs,  each  epoch 
being  divided  into  2000  individual  "time  slots"  of  1500  ps  each.  One,  and 
only  one,  aircraft  transmits  in  a  time  slot,  thus  eliminating  the  mutual 
interference  problem.  Three  threat  evaluators  are  used.  They  are 
(1)  Tau  (7)  which  is  defined  as  range  divided  by  range  rate  (a  tau  alarm 
condition  existing  when  it  decreases  below  a  certain  value);  (2)  an  altitude 
sort;  and  (3)  a  minimum  range  alarm. 

Range  is  measured  by  computing  one-way  propagation  time.  This  is 
possible  because  all  aircraft  essentially  have  the  same  time  and  know  when 
every  other  aircraft  starts  its  transmission.  Range  rate  is  determined 
from  the  doppler  shift  of  a  200  ps  RF  burst.  Barometric  altitude  is 
exchanged  between  aircraft  by  pulse  position  modulation,  and  a  minimum 
range  alarm  is  included  to  overcome  the  unreliability  of  the  doppler  shift 
measurement  in  slow  closure  rate  cases. 

For  a  maneuver  alarm  to  occur,  either  theT'and  altitude  alarm 
conditions  must  be  met  simultaneously,  or  the  minimum  range  and  alti¬ 
tude  alarm  conditions  must  be  met  simultaneously. 

Mr.  Brennan  stated  that  under  present  plans,  the  vehicle  for  trans¬ 
mitting  common  time  to  aircraft  would  be  a  network  of  ground  stations, 
all  synchronized  to  a  single  master  time.  The  current  ATA  schedule 
calls  for  test  and  evaluation  of  hardware  to  begin  approximately 
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June  of  1969  with  implementation  hoped  for  in  1971.  Therefore,  our  most 
immediate  need  for  time  synchronization  techniques  is  in  the  CAS  area. 
However,  Mr.  Brennan  stated,  it  is  obvious  the  precise  time  and 
frequency  techniques  can  be  utilized  for  other  aeronautical  functions  as 
well,  and  v/e  have  a  program  to  investigate  these  applications. 

Mr.  Brennan  then  introduced  Mr.  Owen  E.  Mclntire,  FAA  Project 
Engineer,  who  served  as  chairman  for  the  remainder  of  the  meeting. 

Mr.  Mclntire  introduced  Mr.  P.  T.  LaRochelle  of  FAA,  SRDS,  Systems 
Analysis  Division. 

Presentations  made  by  attendees  follow. 
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Relationship  of  T/F  -  CAS  to  Future  T/F  Systems 

By 


Philip  J.  LaRochelle 


1.  INTRODUCTION 

A.  The  Systems  Analysis  Division  is  currently  exploring  the  potential 
system  improvement  in  national  air  space  (NAS)  performance  that  could  be 
provided  by  recent  advances  in  modern  technology. 

B.  We  are  concerned  with  assessing  this  technology  in  terms  of  overall 
system  performance  of  capacity,  safety  and  cost  -  and  with  the  steps  required 
for  the  compatible  integration  of  new  elements  into  future  NAS  designs. 

C.  We  recognize  the  possibility  that  our  present  manual  air  traffic 
control  system,  although  fully  automated  to  operate  like  the  manual  system, 
may  not  be  capable  of  adequate  performance  in  the  1980  and  beyond  timeframe. 

D.  We  are  concerned  further  with  developments  of  new  and  revolutionary 
large  system  developments  of  the  military  that  will  impact  on  the  common 

ci vil/military  requirements  of  future  NAS  designs. 

E.  Recent  advances  in  techniques  for  establishing  and  maintaining 
precisely  synchronized  time  and  frequency  references  have  emerged  as  a 
significant  contender  for  meeting  the  air  traffic  control  requirements  of  both 
civil  and  military  air  space  users. 

F.  These  techniques  are  the  basis  of  time  ordered  system  concepts  that 
consider  cooperative  airborne  and  ground  equipment  that  have  the  capability 
for  « stabli shing  precise  time  synchronization  to  a  single  common  timing 
source.  This  common  time  reference  is  used  as  the  common  reference  for 
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the  exchange  of  system  data  between  aircraft  and  between  aircraft  and  ground 
stations.  Appropriate  data  processing  at  either  ground  or  airborne  stations 
then  provides  for  many  integrated  system  functions  from  a  single  basis 
system  design. 

G.  Civil  air  traffic  control  functions  that  can  be  provided  include  data 
acquisition,  navigation,  communication  and  landing  aids,  as  well  as  an  inde¬ 
pendent  air-to-air  CAS  function.  Many  military  functions,  such  as  command 
and  control,  weapons  delivery,  IFF,  and  tactical  air  traffic  regulation  can  also 
be  provided  by  advanced  T/F  and  integrated  systems  designs. 

H.  A  review  of  the  military  activity  reveals  over  two  dozen  activities 
within  the  three  military  departments  that  are  involved  to  varying  degrees 
with  system  applications  of  T/F  and  in  integrated  system  developments.  We 
are  all  aware  of  the  ATA  decision  and  its  program  to  develop  a  time  ordered 
CAS  for  airlines  use.  We  recognize  industry  efforts  to  further  develop 
additional  T/F  system  designs  that  will  meet  the  economic  constraints  of  the 
general  aviation  aircraft  owner.  Additional  design  analyses  by  NASA  and  the 
military  include  satellite  vehicles  to  provide  a  possible  common  communication, 
navigation,  and  ATC  functions. 

2.  T/F  SYSTEMS  CONCEPT  STUDY 

A.  We  thus  find  ourselves  faced  with  several  significant  potential 
problem  areas  that  require  resolution. 
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First  -  Assuring  compatibility  between  the  FAA/DOD/ATA  T/F  activity. 


Second  -  Defining  common  civil/military  system  requirements,  particularly 
as  they  apply  to  ground  stations  and  frequency  assignments. 

Third  -  Development  of  Design  criteria  that  will  permit  an  orderly  expansion 
of  the  imminent  ATA  CAS  implementation  to  incorporate  other  NAS/military 
functions . 

Fourth  -  Desire  to  reduce  duplication  of  effort  in  exploratory  Research  and 
Systems  design  areas. 

B.  A  first  step  in  solving  these  problems  was  taken  by  the  FAA  in 
initiating  a  contract  study  effort  to  analyze  the  potential  improvements  to 
civil  air  traffic  management  that  would  be  achieved  by  the  broad  integrated 
systems  application  of  T/F  technology  to  present  day  NAS  functions.  Five 
specific  tasks  are  included  in  the  effort: 

Task  1  -  Studies  the  present  state-of-art  of  precision  oscillators, 
synchronization  techniques,  and  precise  timing  performance. 

Task  2  -  Defines  the  capability  of  T/F  when  applied  to  the  individual 
functions,  such  as  Data  acquisition,  Navigation,  Communication,  landing  aids, 
station  keeping  and  CAS. 

Task  3  -  Assesses  the  performance  that  may  be  achieved  when  the 
many  individual  functions  are  integrated  into  a  single  system  concept.  This 
Task  also  compares  T/F  system  performance  with  that  of  the  present  NAS 
de  sign. 
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Task  4  -  Provides  a  cost/ effectivene s s  analysis  of  T/F  techniques  as 


they  may  be  incorporated  into  future  NAS  designs. 

Task  5  -  Provides  for  R&D  recommendations  that  are  based  on  areas 
requiring  further  analysis,  limitations  in  T/F  technology  and  current  civil/ 
military  program  activity. 

C ■  We  have  had  some  difficulty  with  time  phasing  and  adequate  documen¬ 
tation  under  this  contract.  The  anticipated  delivery  date  of  a  satisfactory 
report  is  now  scheduled  for  about  November  of  this  year. 

D.  Although  the  study  is  not  complete,  preliminary  results  indicate  the 
following  general  conclusions: 

(1)  Presently,  available  synchronization  methods  of  achieving  system 
master  time,  as  referenced  to  a  common  single  timing  reference,  are 
capable  of  providing  adequate  performance  for  DME,  navigation,  data 
acquisition,  landing  aid,  station  keeping,  and  airborne  CAS. 

(2)  These  six  functions  can  be  provided  in  a  single  avionics  package, 
thus  potentially  reducing  the  number  of  current  avionics  equipments. 

(3)  Timing  requirements  for  T/F  NAS  ground  station  appear  to  be  the 
same  order  fo>  ccuracy  as  for  the  ATA  CAS  ground  stations,  i.e.  ,  about 

.  1  to  .  5  microseconds. 

(4)  Although  means  to  establish  and  maintain  precise  llm"  references 
to  secondary  ground  stations  from  a  single  master  station  were  studied,  a 
final  recommendation  has  not  yet  been  made. 
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E.  For  this  purpose  we  plan  an  in-house  analysis  of  the  significant  system 
contenders  currently  being  considered  by  the  Military,  NASA,  and  FAA.  They 
include  such  concepts  as  being  developed  under  the  following  programs: 

(1)  ICIN  and  navigation  and  tactical  satellite  activity  of  Air  Force 

(2)  CNI,  EELS,  and  ULE  activity  of  Navy 

(3)  ATARS,  STARS,  and  TOTES  activity  of  Army 

(4)  TULACS  effort  by  the  Marine  Corps,  and 

(5)  FAA's  T/F  System  concept  development 

F.  We  plan  further  to  define  the  1975-1980  system  requirements  in  terms 
of  system  loads,  technical  problems  and  requirements,  and  perform  appropri¬ 
ate  trade-off  and  cost  effectiveness  analyses.  We  hope  in  this  manner  to 
develop  preliminary  design  criteria  and  detailed  descriptions  of  interface 
requirements  necessary  for  T/F  engineering  design  or  for  other  advanced 
techniques  as  they  become  available.  In  essence  we  plan  to  "confirm  or  "deny" 
the  use  of  T/F  for  future  NAS  deployment. 


EELS  =  Electromagnetic  Electronic  Locating  System 
ULE  =  Unit  Locating  Equipment 

ATARS  =  Army  Tactical  Airspace  Regulation  System 
STARS  =  Synchronized  Time  Automated  Reporting  System 
TOTES  =  Time  Ordered  Techniques  Experimental  System 
TULACS  Tactical  Unit  Location  and  Control  System 
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3.  RELATIONSHIP  TO  FUTURE  T/F  SYSTEMS 


A.  In  considering  the  title  of  this  presentation,  i.e.  ,  "The  Relation¬ 
ship  of  Time  Ordered  CAS  to  Future  T/F  Systems,"  we  find  ourselves 
somewhat  in  the  position  of  the  cart  before  the  horse.  In  particular  we  find 
that: 

one  -  A  firm  decision  has  been  made  by  the  airlines  to  develop  and 
procure  operational  T/F  CAS  devices  by  early  1972. 

two  -  These  devices  require  the  procurement  and  deployment  of  an 
unspecified  number  of  ground  stations. 

three  -  The  ATA-CAS  design  has  a  capability  for  data  acquisition, 
DME,  and  flight  following,  in  addition  to  the  CAS  function. 

four  -  The  ATA  Type  CAS  equipment  is  economically  justified  only 
for  airline  use  at  this  time. 

five  -  Sufficient  system  designs  and  comparative  analyses  have  not 
been  accomplished  to  date  either  to  realistically  justify  the  use  of  T/F  for 
civil  air  traffic  control  or  to  specify  the  characteristics  required  for  NAS 
T/F  ground  stations. 

B.  It  thus  appears  that  we  should  concentrate  at  this  meeting  with 
world-wide  and  ground  station  timing  requirements  as  they  meet  the  needs 
of  the  singular  CAS  function. 
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Review  of  the  Collision  Avoidance  Problem  and 
Discussion  of  T/F  -  CAS  Ground  Station  Factors 

by 

Owen  E.  Mclntire 

The  illustrative  pages  which  follow  describe 

1.  The  CAS  problem 

2.  The  need  for  a  cooperative  T/F  CAS 

3.  The  desireability  of  U.  S.  National  Standards 

4.  The  T/F  -  CAS  technique 

5.  The  synchronization  problem,  and 

6.  Accuracy  requirements 

Since  errors  were  in  the  original  papers,  corrections  have  been  made 
prior  to  publication.  Much  of  the  data  is  essential  in  T/F  ground  station 
development;  therefore,  other  changes  will  be  made,  as  necessary,  to 
reflect  state-of-the-art  changes  or  other  pertinent  factors. 
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REMARKS  ON 


WORLD  WIDE  TIME  SYNCHRONIZATION  BY  VLF 
Andrew  R.  Chi,  Code  521 
NASA,  Goddard  Space  Flight  Center 


The  technique  of  using  dual  VLF  transmissions  for  time  synchroniza¬ 
tion  of  remote  station  clocks  is  developed  jointly  by  the  National 
Bureau  of  Standards  who  controls  the  WWVL  transmitters  and  Goddard 
Space  Flight  Center  where  the  data  is  collected  and  analyzed.  Timing 
information  is  obtained  from  the  relative  phase  delay  of  the  two 
received  signals  for  a  given  propagation  path.  If  the  propagation 
path  length  is  assumed  to  be  constant,  the  cycle  of  a  received  carrier 
can  be  determined  directly  from  the  relative  phase  delay. 

In  practice,  a  specially  designed  receiver  is  used  for  the 
determination  of  the  relative  phase  of  the  two  received  signals. 

However,  two  separate  VLF  phase  tracking  receivers  can  be  used.  In 
either  approach,  the  receiver  delay  is  removed  by  the  use  of  a  calibrator 
which  generates  a  spectrum  of  the  frequencies  at  100  Hertz  separation 
in  the  VLF  band.  Furthermore,  the  calibrator  frequencies  are  synchronized 
to  the  1  pps  of  a  local  clock  at  the  receiving  site.  A  pictorial  pre¬ 
sentation  of  the  received  signals  and  the  calibrating  signals  is  shown 
in  Figure  1.  The  two  positive  going  zero  crossings  of  the  two  signals 
in  the  top  of  the  figure  occur  at  tD,  coincident  with  a  second  pulse 
of  the  clock  at  the  transmitter.  The  two  calibrating  signals  in  the 
lower  part  of  the  figure  have  their  positive  going  zero  crossing  occurring 
at  tr ,  coincident  with  a  received  pulse  of  the  clock  at  the  receiver. 

Since  the  relative  phase  of  the  two  signals  repeats  at  periods  of  the 
beat  frequency,  e.g.  10  millisecond  for  the  100  Hertz  separation  of 
the  20.0  and  19.9  kHz  transmissions,  the  ambiguity  of  time  determination 
to  10  ms  will  have  to  be  resolved  by  other  techniques  such  as  by  the 
use  of  WWV  time  signal  transmissions.  These  ambiguity  points  are 
indicated  in  the  figure  by  tj,  t2,  and  t3  for  the  transmitted  signals 
and  tr ,  t^.,  tj.'  for  the  calibrating  signal. 

Phase  tracking  of  a  VLF  signal  is  measured  by  the  phase  difference 
between  the  calibrating  signal  and  the  received  signal  as  indicated  by 
or  $2  in  Figure  1.  It  is  to  be  noted  that  the  received  signal  is 
locked  at  the  positive  going  zero  crossing  of  a  cycle  which  is  a 
characteristic  or  design  of  a  VLF  phase  tracking  receiver.  The  relative 
phase  delay  of  two  signals  is  determined  by  -  $2* 
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The  time  difference  between  the  clocks  at  the  transmitter  and 
the  receiver  is  given  by  Equations  (1)  and  (2)  in  Figure  2.  It  can 
also  be  written  in  the  form  of  Equations  (1),  (2),  and  (4)  in  Figure  3. 
In  these  equations  n^-^  can  be  either  zero  or  1  in  the  first  ambiguity 
region,  i.e,  10  ms.  Since  tp  and  Atc  in  Equation  (2)  of  Figure  2  can 
not  be  independently  determined,  a  portable  clock  is  needed  to  measure 
Atc  at  least  once  in  order  to  calculate  the  propagation  delay.  Once 
the  propagation  delay  is  known,  Atc  can  be  determined  only  through  the 
long-term  observation  of  the  behavior  of  two  known  clocks. 

The  experimental  results  of  the  received  dual  VLF  signals  at 
Greenbelt  for  1966  and  1967  are  shown  in  Figures  4  and  5.  The 
systematic  change  of  any  one  received  signal  delay  is  due  to  the 
off-set  frequency  of  the  standards  which  drive  the  clocks.  One  should 
observe  that  the  difference  in  delay  of  the  two  received  signals 
remains  relatively  constant,  indicating  the  propagation  path  length 
is  constant.  The  scattering  of  the  residuals  from  the  systematic 
trend  is  the  propagation  anomaly  and  the  variation  of  the  relative 
phase  control  at  the  transmitter  gives  an  error  of  one  cycle  for  about 
each  2  degrees  of  arc  or  t2-ti  =  0.251  ps  for  20.0  and  19.9  kHz 
carriers . 

In  the  time  determination  by  dual  VLF  techniques,  the  precision 
is  limited  therefore  by  the  anomaly  of  the  propagation  path  length, 
the  accuracy  in  the  determination  of  the  relative  phase  delay  and  the 
control  at  the  transmitter  of  the  relative  phase  of  the  emitted  signals. 
The  variation  of  the  identified  cycle  throughout  a  year  has  been 
observed  to  be  about  ±  2  at  20  kHz  or  ±  100  ps.  Since  it  is  not 
certain  that  all  of  these  variations  are  due  to  propagation  anomaly, 
especially  under  the  present  experimental  environment  of  the 
transmitters,  it  may  not  be  justified  to  use  these  variations  as  the 
lower  limit  although  they  do  represent  the  present  results.  For  a 
given  identified  cycle,  the  time  comparisons  by  predicted  time 
difference  through  VLF  data  and  portable  clock  measurements  has  been 
in  the  order  of  10  ps. 
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Precise  Time  and  Time  Interval  (PTTI)  Activities  and  Plans  (USAF) 

By 

Mr.  Ernest  L.  Kirkpatrick 

Slide  One  serves  to  indicate  the  extent  of  interest  in  precise  time  and 
time  interval  at  NAFS.  The  main  point  here  is  the  fact  that  there  are  some 
ten  people  busy  carrying  time  to  some  ten  systems  or  about  forty  sites. 

Slide  Two  indicates  the  composition  of  a  redundant  clock  system  for  use 
at  NAFS  and  other  "Precise  Time  Reference  Stations"  (PTRS),  three  of  which 
may  be  implemented  at  other  Air  Force  stations  this  year. 

Slide  Three  shows  the  three  classifications  of  sites  served  by  NAFS 
clock  teams. 

Slide  Four  shows  the  equipment  proposed  for  service  tests  at  some  of 
the  sites  listed  as  Class  III  (Slide  3)  and  at  some  other  Air  Force  precise 
measurement  equipment  laboratories  (PMEL). 
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Open  Discussion  of  Synchronization  by  Transportab)  •  Clocks 

Conducted  By 
Mr.  A.  C.  Schutheis 

The  Applied  Physics  Laboratory  has  conducted  some  experimentation  in 
the  transfer  of  time  using  crystal  oscillators.  It  was  shewn  that  closure 
errors  of  0. 1  usee,  with  a  2.  5  MHz  crystal  oscillator  and  .  3  usee,  with  a 
5.0  MHz  crystal  oscillator  are  achievable. 

Stabilities  of  commercially  available  crystal  oscillators  such  as  Sulser 
are: 

1  part  in  10“^  over  24  hour6,  and 
1  part  in  10"^  over  a  2-hour  period 

Measurement  of  a  laboratory  crystal  oscillator  against  a  Cesium  Beam 
oscillator,  shows  a  stability  of: 

5  parts  in  10"^  for  16  seconds,  and 
5  parts  in  10-^  for  160  seconds. 

The  cost  of  such  a  standard  is  approximately  $1500.  JO,  weighs  one  pound, 
measures  3X5X10  inches  including  heater  and  oven. 
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Use  of  Loran-C  for  Timing 


By 

Paul  E.  Pakos 

Present  Capability:  Precise  timing  is  presently  available  to  any  user 
within  ground  wave  range  (1000  miles)  of  any  Loran-C  station  located  in  the 
following  Loran-C  Chains:  U.  S.  East  Coast,  Norwegian  Sea,  Hawaiian,  and 
Western  Pacific.  Since  each  slave  of  a  chain  is  synchronized  to  its  master  to 
within  +  0.  2  microsecond  (3  sigma),  this  establishes  the  accuracy  to  which- 
any  number  of  user  clocks  can  be  set  to  each  other,  as  long  as  they  utilize 
Loran-C  stations  of  the  same  chain.  The  attainment  of  such  accuracy 
presumes  that  the  user  either  knows  precisely  the  propagation  time  from 
the  station  to  his  position,  or  he  has  been  "calibrated"  by  a  single  visit 
of  a  portable  clock.  The  user  is  additionally  guaranteed  that  the  transfer 
of  time  from  Loran-C  is  presently  held  to  _+  25  microseconds  from  UTC. 
Applying  after-the-fact  corrections  published  by  the  U.  S.  Naval  Observatory 
results  in  at  most,  a  5  microsecond  error  with  respect  to  UTC. 

Future  Capability:  A  tolerance  of  _+  5  in  lieu  of  _+  25  microseconds  from 
UTC  can  be  applied  immediately  to  the  aforementioned  Loran-C  chains.  It 
is  no  technical  problem  to  reduce  tolerance  to  +  1  microsecond  or  better, 
but  whether  or  not  this  will  have  an  adverse  impact  on  the  navigational  use 
of  Loran-C  must  be  resolved,  and  the  control  methods  to  accomplish 
this  accuracy  must  be  worked  out.  The  remaining  Loran-C  chains 
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(North  Atlantic,  Mediterranean,  Alaskan,  Southeast  Asia)  could  also  be 
used  to  disseminate  time  if  the  requirement  existed  and  funds  were  made 
available  to  the  Coast  Guard. 

A  recent  development  in  the  use  of  Loran-C  skywaves  has  proven  the 
ability  to  detect  and  utilize  such  signals  at  ranges  of  8000  kilometers  from 
the  transmitting  station.  The  stability  of  such  signals  must  be  investigated, 
but  it  is  our  expectation  that  a  stability  of  three  microseconds  or  better  can 
be  realized  if  the  measurements  are  made  at  the  same  time  each  day,  i.e.  , 
if  propagation  conditions  are  approximately  the  same.  Use  of  Loran-C  sky- 
waves  results  in  virtually  world-wide  coverage. 

Operational  Use  of  Loran-C  for  Timing:  The  accuracies  presently  avail¬ 
able,  the  potential  expansion  of  Loran-C  timing  coverage,  and  the  low  user 
cost  (less  than  $10,000)  make  Loran-C  an  attractive  candidate  as  a  source 
of  precise  timing  information.  However,  the  Coast  Guard  presently  has  no 
operational  requirement  to  provide  such  services.  As  a  result,  timing  is 
subordinated  to  the  navigational  use  of  the  system  and  timing  users  are 
presently  not  warned  when  the  transmissions  are  unreliable.  A  joint 
agreement,  between  those  who  levy  the  navigational  requirements  on  the 
Coast  Guard  Loran-C  system  and  those  who  desire  the  system  to  be 
declared  operational  for  timing,  is  essential  to  resolve  these  problems. 
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CONDITIONS  NECESSARY  TO  ACHIEVE 
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COSTS  FOR  HIGH  ACCURACY  REQUIREMENTS 
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TIMING  POTENTIAL  OF  LORAN-C/D 


By 

Dr.  Bernard  Wieder 

Two  factors  must  be  considered  when  radio  waves  are  to  be  used  in 
synchronizing  remote  clocks.  One  is  the  predictability  of  the  time 
required  for  the  signals  to  get  from  the  master  clock  to  a  slave  clock; 
the  other  is  the  repeatability  of  the  signal.  Since  the  time  of  propagation 
is  usually  determined  through  a  phase  measurement,  we  are,  in  essence, 
talking  about  the  predictability  and  repeatability  of  the  phase  of  the 
signal  at  the  location  of  the  slave  clocks.  This  is  exactly  the  information 
required  for  precise  navigation  using  the  Loran-C/D  system.  In  Loran-D, 
since  the  system  is  designed  to  be  transportable  and,  therefore,  not 
readily  calibrated,  the  repeatability  of  position  determination  (through 
phase  measurement  of  Loran-D  signals)  is  paramount  ard  the  predict¬ 
ability  is  of  only  secondary  importance. 

For  time  synchronization  of  remotely  located  clocks,  the  same 

criteria  should  apply.  Once  a  slave  clock  is  initially  calibrated  (through 

# 

a  portable  clock  comparision),  the  paramount  question  is  how  accurately 
can  the  synchronism  be  maintained  using  Loran  signals.  Loran  C/D  has 
excellent  performance  in  connection  with  the  latter  function.  Predict¬ 
ability  (i.e.  ,  absolute  calibration)  is  not  nearly  so  good  except  under 
special  circumstances. 
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Table  I  lists  the  factors  that  enter  both  the  predictability  and  repeat¬ 
ability  of  Loran  signals. 

TABLE  I 

1.  Equipment  (Stability  &  Reliability) 

2.  Geometry 

3.  Interference 

4.  Propagation  Considerations 

a)  Signal- to -noise  ratio 

b)  Refractivity  of  the  earth's  atmosphere  and  its 
lapse  rate 

c)  Earth  conductivity  and  diedectric  constant 

d)  Terrain  irregularities 

e)  Skywaves 

Discussion  of  equipment  stability  and  reliability  is  beyond  the  scope 
of  the  presentation.  It  is  a  factor  that  is  common  to  all  timing  systems. 

For  absolute  time  calibration,  the  delay  of  the  signal  through  the 
equipment  must  be  known;  for  repeatability,  this  delay  must  be  main¬ 
tained  to  close  tolerance.  Fortunately,  this  is  not  a  particularly  diffi¬ 
cult  problem.  With  good  design  and  proper  care,  equipment  stability  can 
be  maintained  to  about  0. 1  ps. 

The  geometry  of  the  system  plays  an  important  role  in  the  navigation 
problem  where  the  accuracy  of  a  position  fix  can  depend  on  crossing 
angles  of  lines  of  position.  For  the  timing  problem,  geometry  is  not 
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too  important  since  a  good  survey  can  pinpoint  the  position  of  a  timing 
installation  with  more  than  adequate  accuracy,  and  it  does  not  enter  at 
all  into  the  stability  of  the  timing  system. 

The  phase  coding  incorporated  into  the  Loran  system  is  designed  to 
minimize  interference.  By  appropriate  decoding  of  the  Loran  signals, 
both  synchronous  and  nonsynchronous  interference  can  be  minimized;  and 
while  the  interference  can  produce  instantaneous  excursions  in  the  timing 
synchronization  signals  of  several  tenths  of  a  microsecond  if  the  slave 
clock  is  adjusted  on  the  basis  of  long-term  averages,  no  serious  problem 
results.  This  approach  assumes,  however,  that  the  oscillator  at  the 
slave  timing  installation  is  of  sufficiently  high  quality  that  only  infrequent 
adjustments  are  required  to  keep  it  in  synchronism  with  the  master  clock. 

Finally,  the  actual  propagation  of  the  timing  signals  from  master 
clock  to  slave  clock  enters  into  the  equation.  At  our  present  stage  of 
knowledge  the  propagation  considerations  severely  limit  the  predict¬ 
ability  of  the  Loran  system,  particularly  for  overland  paths  if  micro¬ 
second  or  sub-microsecond  synchronization  is  the  requirement.  On  the 
other  hand,  the  repeatability,  which  is  required  to  maintain  synchroni¬ 
zation,  suffers  from  adverse  propagation  effects  in  only  a  minor  way. 

Poor  signal  to  noise  ratio  produces  instantaneous  errors  in  the 
synchronization  signals.  The  comments  above  relating  to  interference 
are  appropriate  here.  If  the  slave  clock  contains  a  high  quality  oscillator 
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so  that  it  is  only  weakly  coupled  to  the  synchronization  signals,  the 
effect  of  noise  in  the  system  can  be  minimized.  The  refractivity  of  the 
atmosphere  together  with  the  atmospheric  lapse  rate  partially  determines 
the  propagation  time  of  the  synchronizing  signals.  This  effect  is  small 
although  minor  phase  changes  due  to  changes  in  the  weather  can  be 
detected  in  systems  capable  of  sub-microsecond  accuracies. 

Items  c)  and  d)  are  the  two  major  factors  in  limiting  the  predict¬ 
ability  of  the  propagation  time  but  play  no  essential  role  in  the  stability 
of  the  signal  excepting  insofar  as  the  electrical  parameters  of  the  earth 
may  vary  with  season,  weather,  moisture  content,  ground  cover,  etc. 

For  over-water  paths  where  the  conductivity  and  dielectric  constant  of 
sea  water  is  well  established  and  the  surface  conforms  closely  to  the 
smooth  earth  approximation  that  goes  into  the  theory,  our  ability  to 
predict  propagation  time  is  excellent  -  0. 1  ps  is  readily  obtainable.  Over 
land,  however,  with  only  limited  information  available  on  earth  conductiv¬ 
ities,  and  where  terrain  irregularities  can  produce  serious  phase 
perturbations,  predictability  suffers.  Measurements  made  during  the 
late  1950's  indicate  that  differences  of  as  much  as  +  2.  5  ps  can  exists 
between  predicted  and  measured  propagation  times.  We  are  currently 
involved  in  a  program  that  will,  hopefully,  give  improved  predictions. 
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Finally,  skywave  contamination  of  the  ground  wave  signals  can 
produce  phase  errors.  This  can  occur  in  two  ways: 

1)  Sampling  too  high  on  the  Loran  pulses  so  that 
skywave  component  is  present,  and 

2)  Skywave s  from  preceding  pulses  overlapping  on 
succeeding  ground  wave  pulses. 

The  former  is  handled  routinely  and  seems  to  give  no  difficulty  in 
a  reasonably  good  signal-to-noise  environment.  The  latter  can  be 
considered  as  a  special  type  of  interference  and  the  Loran  coding 
scheme  is  specifically  designed  to  minimize  the  errors  due  to  this  effect. 
In  the  presence  of  other  types  of  interference,  however,  some  compro¬ 
mise  decoding  format  may  be  required.  Further,  for  proper  skywave 
suppression,  there  must  not  be  any  systematic  changes  in  the  skywave 
signals  as  might  occur,  for  example,  during  sunrise  and  sunset. 

In  the  amine,  most  of  the  propagation  effects  produce  instantaneous 
variations  that  can  be  as  much  as  0.2  ps  (lcrvalue).  By  appropriate 
averaging,  many  of  the  variations  are  eliminated.  For  example,  Loran 
monitor  stations,  using  15-minute  averages  report  stabilities  of  about 
0.  5  ps  (lcrvalues).  For  timing  systems  in  which  the  slave  clocks  have 
high  stability  so  that  infrequent  adjustments  are  required  to  maintain 
synchronization,  the  Loran-C  system  can  maintain  sub-microsecond 
accuracies.  However,  the  initial  calibration  of  the  remote  clocks 
should  be  accomplished  through  portable  cesium  clocks  or  other  precise 
clock  comparison  techniques. 
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Navy  Time/Frequency  Programs 
By 

Martin  Pozesky 

(1)  Much  of  the  advanced  development  work  underway  in  the  Navy  is  for 
electronic  systems  in  support  of  the  operational  needs  shown  on  this 
viewgraph  -  Communication,  Navigation,  Ident,  C/C,  ATC/L, 

ECM/ECCM,  and  Detection. 

(2)  Historically,  as  one  views  the  various  requirements  characteristic 

of  the  evolutionary  growth  of  electronic  systems,  one  can  see  requirements 
for  more  accurate  this;  increased  that.  Today,  the  various  systems 
being  developed  for  the  1972  -  1978  time  period  are  required  to  have 
improved  accuracy,  increased  range,  security  and  all  it  connotes. 

These  systems  must  serve  increasing  numbers  of  uses,  make  more 
efficient  use  of  the  RF  spectrum,  provided  increased  operational 
reliability  (not  just  increased  MTBF  but  decreased  MTTR,  improved 
support,  etc.)  and  finally  provide  increasing  numbers  of  functions. 

As  one  takes  a  look  at  these  increased  system  capabilities/require¬ 
ments,  it  can  be  seen  that  time/frequency  techniques  offer  the  potential  of 
enabling  all  these  increases  in  operational  parameters. 

Improved  accuracy  is  inherent.  Increased  range  can  be  obtained 
because  you  now  know  when  and  where  to  look  for  the  signal;  thus  narrower 
bandwidth,  higher  sensitivity  receivers  can  be  utilized. 
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Security  through  the  use  if  time /frequency  diversity  techniques  is 
well  known.  One-way  transmission  allows  you  to  serve  more  users  and 
(together  with  accurate  frequency  control)  provides  more  efficient  use  of 
the  spectrum. 

Using  closely  controlled  time  sharing,  one-way  transmission  for 
range,  doppler  frequency  measurements,  etc.,  can  provide  multiple 
system  functions. 

(3)  This  next  chart  illustrates  the  extent  of  the  Navy's  involvement  in 

the  systems. 

As  we  all  know  the  Navy  is  the  DOD  executive  agent  to  provide  time 
and  frequency  service  to  all  DOD  agencies  (Naval  Observatory).  However, 
in  addition  to  this  function  the  Navy  has  in  operation  two  (Z)  Navigation 
Systems  based  upon  accurate  control  of  time/frequency.  Two  other 
systems  are  presently  being  implemented.  A  total  of  twelve  systems 
based  on  T/F  are  presently  being  developed;  and  at  the  time  of  prepara¬ 
tion  of  this  chart,  I  know  of  two  additional  systems  being  proposed. 

Recently,  and  fortunately,  the  Navy  fell  back,  regrouped,  and  took 
stock  of  its  rapidly  increasing  involvement  in  T/F  techniques.  As  of 
about  one  year  ago,  the  path  being  taken  for  all  of  these  systems  and 
developments  was  to  procure  its  own  frequency  standard  and  provide 
synchronization  inherent  to  each  system. 
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It  became  obvious  that  one  day  some  airplane  would  wind  up  with 
three  or  four  frequency  standards,  each  peculiar  to  a  particular  system, 
and  each  system  was  going  to  have  its  ov/n  peculiar  synchronization 
techniques.  A  lot  of  tax  dollars  would  be  wasted. 

Faced  with  this  dilemma,  the  Navy  decided  to  develop  a  single 
frequency  standard  applicable  to  all  envisioned  systems  and  a  synch¬ 
ronization  network  independent  of  any  single  system.  Thus,  as  various 
systems  are  developed,  they  would  be  subscribers  to  this  T/F  network. 

H)  Toward  this  end,  the  Navy  established  the  TACTAFS  (Tactical  Time 

and  Frequency  Service)  Program.  TACTAFS  is  chartered  with  the 
responsibility  to: 

(1)  Develop  standard  (lXlO'^)for  use  in  aircraft,  ships,  and  on 

shore. 

(2)  Develop  and  implement  the  required  frequency/time  distribu¬ 
tion  system  to  make  this  information  available  to  various  users  on  ship 
or  shore. 

(3)  Provide  required  synchronization  system. 

Because  of  the  context  of  the  conference  today,  I  will  address  myself 
primarily  to  the  problems  of  synchronization. 

(5)  The  synchronization  problems  may  be  divided  into  three  general 

areas.  The  first  -  tactical  -  are  for  missions  in  a  limited  geographic 
area  (such  as  Viet  Nam)  where  requirements  for  tactical  and  air  traffic 
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(6) 


control  synchronization  can  be  provided  on  a  mission  by  mission  basis  to 
a  relatively  small  number  of  users. 

The  second,  which  I  have  called  continental,  addresses  problems  of 
synchronization  over  extremely  large  land  masses  (such  as  CONUS). 

Here,  requirements  are  mainly  for  ATC  purposes  although  tactical  users 
are  certainly  possible.  Synchronization  requirements  in  this  region  are 
of  a  continuous,  year-around  nature. 

The  last,  and  most  encompassing,  is  the  continuous  world-wide 
synchronization  problem.  To  attack  this  total  scope,  it  would  be  nice  if 
we  could  start  with  world-wide  synchronization  and  work  inward.  However, 
as  is  most  often  the  case,  we  must  go  the  other  way. 

This  viewgraph  shows  in  pictorial  form  what  we  now  envision  as  the 
very  basic  synchronization  philosophy. 

Within  the  tactical  or  area  environment,  one  ship  will  be  designated 
at  primary  standard  within  a  task  force.  Synchronization  to  other  ships 
will  be  accomplished  only  on  flight  deck  prior  to  launch.  Once  the  air¬ 
craft  leaves  the  carrier,  no  ship  to  air  synchronization  will  take  place. 

The  inherent  stability  of  the  clock  will  be  such  as  to  be  within  the  required 
using  system  tolerances  over  a  four-hour  mission  time.  However,  if 
required  for  some  subscribing  system,  capability  will  be  provided  for 
A/A  synchronization  via  two-way  data  link. 

Continental  synchronization  will  be  accomplished  by  use  of  an 
extensive  network  of  ground  update  stations.  These  stations  will  be 
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calibrated  by  jurisdictional  shipyards  or  NAS,  either  by  calibration  teams 


(7) 


or  data  link  relay.  The  ship  standard  will  be  calibrated  bv  area  centers 
traceable  to  the  Naval  Observatory. 

At  the  present  time  extensive  use  of  time  hierarchy  techniques  in 
this  environment  is  not  envisioned. 

Finally,  in  the  world-wide  mode,  system  synchronization  is  presently 
envisioned  by  utilizing  the  Navy's  Omega  navigation  system  or  through  the 
use  of  satellites,  either  of  which  are  directly  traceable  to  the  Naval 
Observatory.  Whether  or  not  that  dotted  line  connecting  the  aircraft 
with  the  satellites  or  Omega  becomes  a  solid,  firm  line  will  be  a  function 
of  the  operational  feasibility/desirability  of  these  systems  for  airborne 
vehicles. 

In  summary,  the  TACTAFS  Program  is  divided  into  two  phases.  The 
first  phase,  labeled  short  term  (although  a  misnomer),  will  attack  the 
problem  of  tactical  and  continental  synchronization.  Initially,  the  oscil¬ 
lators  envisioned  for  this  time  period  will  be  cesium  as  the  basic 
standard  with  very  selective  use  of  crystal  clocks. 

Distribution  will  be  via  what  is  called  "disciplined  crystal  oscillators" 
at  the  termination  end  of  coax  cables.  Synchronization  will  address  the 
problem  of  DEUL/flight  line  synchronization/ with  the  addition  of  synch¬ 
ronization  capability  to  existing  and  planned  data  links. 

The  long-term  program  will  address  the  further  problem  of  develop¬ 
ment  of  cesium  and  rubidium  clocks  for  tactical  usage.  The  distribution 
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system  is  envisioned  to  be  similar  to  that  under  the  shorter  term  program. 
Synchronization  will  utilize  those  systems/equipment/ techniques 
developed  in  the  short  term  phase  with  the  significant  addition  of  world¬ 
wide  synchronization  via  Omega  or  satellites. 

Gentlemen,  that  concludes  my  presentation.  I  apologize  for  the 
lack  of  technical  detail  or  detailed  system  parameters  and  tolerances. 
However,  all  of  these  numbers  and  details  are  classified  and,  thus, 
cannot  be  presented  at  this  conference. 

I  thank  you  for  your  attention. 
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T/F  DEPENDENT  SYSTEMS 
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TACTICAL  TIME  AND  FREQUENCY  SERVICE 
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TACTAFS  PROGRAM 
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APPLICATION  OF  TIME /FREQUENCY 
TECHNIQUES  IN  MILITARY  STATIONKEEPING 

by  Robert  L.  Huff 

Radio  Navigation  and  Beacon  Branch 
Aeronautical  Systems  Division  ASNAG-10 
Wright -Pa tiers on  AFB,  Dayton,  Ohio 


INTRODUCTION 

This  discussion  of  time/frcquency  techniques  will  bo  limited  to  military 
appln .ujuno  involving  slauonkeeping.  La;te  m  ltbd  after  completion  of  a 
joint  Air  Forcc./Army  field  exercise  called  "Project  Close  Look",  the 
Tactical  Air  Command  issued  an  operational  requirement  for  a  system  to 
permit  close  formation  fly  in*;-  in  bad  weather  and  at  nip, lit.  Of  the  several 
solutions  proposed  by  industry,  one  offered  the  one-way  ranging  concept 
using  time/frequency  techniques. 

MILITARY  STATIONKEEPING  APPLICATIONS 
OF  TIME/FREQUENCY  TECHNOLOGY 

One-Way  R a nging 

One-way  ranging  is  possible  through  the  use  of  precisely  synchronized 
crystal  oscillator  clocks  in  each  aircraft  as  a  common  time  reference  for 
extracting  range  information  from  the  arrival  time  of  pulsed  R-F  energy. 
Transmission  of  this  energy  is  initiated  by  one  local  clock  at  one  assigned 
time.  If  all  clocks  in  the  other  aircraft  in  the  formation  are  precisely 
aligned  with  the  master  clock,  then  all  receiving  stations  know  both  the 
assigned  transmission  time  and  the  measured  arrival  time  of  the  pulsed 
R-F  energy.  Consequently,  the  propagation  delay  is  known  at  all  receiving 
stations,  and  therefore  the  range  to  tlu  transmitting  station. 

Each  station  lakes  its  turn  at  transmitting  at  a  set  time  while  all 
other  stations  are  listening.  The  slant  range  is  equal  to  the  measured  delay 
between  transmitting  and  receiving  stations  multiplied  by  the  propagation 
velocity. 

Aside  from  use  of  local  clocks  as  a  time  reference  along  with  the  need 
for  precise  synchronization,  the  time/frequency  techniques  also  requires 
that  a  separate  time  slot  be  available  for  each  aircraft  in  the  formation. 

This  involves  a  time-shared  multiplex  operation. 
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The  AN/APN-169  Stationkeeping  System 


One  stationkeeping  system  being  tested  by  the  Air  Force  has  a 
capability  of  operating  18  aircraft  in  a  formation  (C-130E)  with  a  minimum 
separation  of  2200  ft.  in  bad  weather  or  at  night.  The  specified  range  of 
the  system  is  10  nautical  miles  with  full  360  degree  coverage  in  azimuth. 

The  required  range  measurement  accuracy  is  ±200  ft.  and  the  azimuth 
accuracy  is  ±2  degrees.  These  accuracies  have  been  validated  at  the 
Eglin  test  range,  both  in  regard  to  compliance  of  hardware  performance 
with  established  Air  Force  requirements  and  to  their  need.  Figure  1  gives 
an  impression  on  the  utilization  of  horizontal  airspace  compared  with  the 
alarm  boundaries  of  the  ATA  defined  civilian  collision  avoidance  system 
(CAS)  in  random  encounters  of  civilian  aircraft. 

Integral  Data  Link 

The  Air  Force  stationkeeping  system  not  only  gives  positional  information 
on  a  PPI  scope  display  but  has  another  function  -  a  data  link  which  permits 
individual  aircraft  in  the  formation  to  announce  turn  maneuvers  as  well  as 
exchange  altitude  information  between  aircraft  such  as  altitude. 

R-F  Carrier 

Choice  of  the  3400  megahertz  R-F  carrier  does  permit  full  range 
operation  in  adverse  weather  with  low  peak  power  output.  Even  so  the 
rotating  directional  antenna  is  28  inches  in  diameter. 

Slot  Identity 

Each  station  takes  its  turn  transmitting  at  an  assigned  time.  The 
classical  model  for  the  illustration  of  this  scheme  translates  the  micro¬ 
second/nanosecond  time  scale  of  one-way  ranging  into  the  hour/minute 
scale  of  an  everyday  wristwatch.  Assuming  station  No.  1  transmits  a 
burst  of  R-F  energy  precisely  at  1  p.  m. ,  station  2  at  2  p.  m. ,  etc.  and 
assuming  distances  between  all  stations  are  less  than  one  light  hour, 
the  following  can  be  concluded: 

(a)  If  the  R-F  pulsed  energy  arrives  after  1:00  p.  m. ,  but  before 
2:00  p.  m. ,  it  was  transmitted  by  station  1.  This  establishes  aircraft 
identity  without  additional  transmissions  of  address  codes. 
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Multipath  Suppression 


Signals  radiated  from  one  station  will  ordinarily  reach  another  station 
in  a  direct  path,  accompanied  by  forward  scatter  via  multipaths.  Multipath 
echoes  arrive  slightly  later  than  the  direct  path  signal.  They  may  overlap 
the  direct  signal  and  also  may  lengthen  it.  They  may  overlap  a  successive 
pulse  and  produce  a  false  leading  edge  for  that  pulse.  The  multipath  must 
be  suppressed  and  isolated  in  order  to  prevent  erroneous  information. 

The  APN-169  stalionkeeper  reduces  effects  of  multipath  by  the 
following  techniques: 

(1)  The  use  of  short-duration  pulses  for  data  transmission. 

(2)  Leading  edge  detection. 

A  coded  pulse  group  is  decoded  and  stored  in  a  delay  line  decoder. 

Only  the  leading  edge  of  the  first  pulse  of  the  code  group  is  then  used  for 
range  information  and  all  other  pulses  are  suppressed. 

(3)  Antenna  directivity  (G  degree  beamwidth) 

(4)  Amplitude  discrimination  by  means  of  stored-slot  AGC. 

FLIGHT  EVALUATIONS 

Air  Force 

The  first  practical  demonstration  of  time,  frequency  techniques  in  a 
stationkeeping  application  by  the  Air  Force  was  made  in  late  1964  at 
Buffalo  International  Airport.  Accuracy  measurements  were  made  at  the 
Eglin  Air  Proving  Ground  Center,  Florida.  The  Sierra  Research  Corporation 
of  Buffalo,  New  York  built  3  systems  and  installed  them  in  3  C-130E  transport 
aircraft.  The  equipment  was  further  used  and  flight  tested  in  actual  tactical 
military  operations  in  the  continental  U.  S.  and  Canada,  and  during  an  airlift 
to  a  Caribbean  island. 

Flight  operations  included  IFR  formation  flight  assault  landings,  low 
level  formation  flights,  and  heavy  equipment  drops.  In  addition,  one  system 
was  placed  on  the  ground  to  demonstrate  its  use  as  a  ground  marker  beacon. 
ILS  and  GCA  formation  landings  under  IFR  conditions  were  accomplished 
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using  the  Sierra  stationkeeping'  equipment.  The  Tactical  Air  Command 
under  an  AFLC  contract  with  Sierra  is  presently  installing  sixteen  systems 
in  sixteen  C-130E  aircraft  for  further  testing  at  Pope  AFB  and  in  an 
operational  environment.  The  nomenclature  for  this  equipment  is 
"Intraformation  Positioning  Set,  AN/APN-169".  I  did  not  pick  this  title, 
incidentally. 

The  Air  Force  has  demonstrated  in  many  flight  operations  that 
reliable  air-to-air  synchronization  is  practical  in  flights  down  to  the 
ground.  The  AN/APN-169  system  was  found  to  provide  "collision  protection" 
within  the  formation  while  performing  tactical  air  assault  maneuvers  during 
night  or  bad  weather  conditions,  in  addition  to  capability  of  delivering 
supplies  to  a  forward  area  at  5  second  intervals  using  low-level  in-trail 
techniques.  Lockheed  will  also  supply  stationkeeping  equipment  in  the 
C-5A  aircraft  also  employing  time/frequency,  one-way  ranging  techniques. 

It  will  be  fully  tested  in  C-5A  aircraft  early  in  1969. 

Army 

In  April  1965,  at  the  request  of  the  Advanced  Research  Projects 
Agency  (DOD),  the  Army  installed  3  Sierra  stationkeeping  systems  in  3 
Army  helicopters  for  evaluation  and  application  to  Army  helicoptrr  operations. 
Although  accuracy  measurements  made  by  the  Army  were  within  required 
design  limits,  it  was  found  that  the  helicopter  needs  a  higher  data  rate 
because  of  the  closer  formation  spacing  required  in  helicopter  operations. 
Also,  the  equipment  must  be  made  smaller  than  that  used  in  a  transport 
aircraft. 

As  was  expected  the  synchronized  time  slot  multiplex  operation  has 
proven  itself  free  from  the  mutual  interference  which  would  otherwise 
occur  among  many  stations  operating  on  the  same  frequency  and  in  close 
proximity. 
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THREAT  SENSING  CRITERIA 


General 

« 

In  discussing  collision  threat  criteria  we  should  consider  the  following 
parameters: 

Proximity  (Slant  Range) 

Tau  =  _ Range _  =  time  to  collision 

Closing  Velocity  (Range  Rate) 

Relative  Altitude 

Bearing 

Heading  (other  aircraft's) 

Maneuver  Intent 

Identification 

The  APN-169  (Sierra  Research)  system  has  all  parameters  available 
except  Tau.  This  cculd  be  provided,  if  required  but  with  some  additional 
design  work.  The  ATA  CAS  design  does  not  call  for  bearing  information 
or  maneuver  intent. 

It  is  rather  evident  that  the  systems  for  military  service  operations 
(requiring  close  formation  flying)  emphasize  proximity  and  bearing  parameters, 
while  civilian  users  (with  random  encounters  of  aircraft  in  large  airspace) 
have  emphasized  the  Tau  and  altitude  parameters. 

Altitude 

Altitude  separation  between  aircraft  is  a  prime  factor  of  interest;  if 
aircraft  are  not  now  at  the  same  altitude  nor  will  be  in  the  immediate  future, 
there  is  no  need  to  furtner  evaluate  the  situation  for  a  possible  collision  threat. 

Bearing 

When  aircraft  in  formation  must  ordinarily  fly  closer  than  1.5  nautical 
miles  to  each  other,  bearing  information  must  be  obtained  by  conventional 
means  for  better  utilization  of  airspace.  This  has  the  practical  disadvantage 
of  requiring  a  directional  rotating  antenna  of  rather  large  dimensions, 
depending  on  the  carrier  frequency  chosen.  This  often  prevents  its  usage 
on  smallei  aircraft. 
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Maneuver  Intent  and  Identification 


1 


* 


Those  two  bits  of  data  arc  also  useful  in  collision  evaluation  criteria 
in  close  formation  flying.  The  APN-1G9,  because  of  its  data  link  capability, 
can  transmit  intended  maneuvers  and  identification  of  other  aircraft  in  a 
formation. 

Vertical  Maneuvers 

The  McDonnell -Douglas  EROS  System  and  the  ATA  CAS  system  have 
no  bearing  information  available  that  would  allow  avoidance  maneuvers  in 
the  horizontal  plane.  They  therefore  depend  on  vertical  climb  and  descent 
avoidance  maneuvers.  The  aircraft  on  a  collision  course  are  commanded 
to  execute  climb  and  descent  maneuvers  to  correct  the  collision  hazard. 

Horizontal  Maneuvers 

An  entirely  different  hazard  philosophy,  avoidance  maneuver  concept, 
and  display  requirement  apply  in  military  close  formation  ordered  situation. 
Perhaps  the  formation  flying  stationkeeping  approach  may  some  day  find 
application  to  holding  patterns  around  busy  airports,  if  the  increase  in 
air  traffic  continues. 

Whenever  a  military  aircraft  changes  its  assigned  position  relative 
to  others  in  a  close  formation,  the  danger  of  a  collision  is  immediately 
present.  The  pilot  cannot  depend  on  collision  warning  boundaries  such  as 
in  the  civilian  collision  avoidance  system.  He  cannot  wait  until  his  CAS 
determines  whether  this  boundary  of  protection  actually  impinges  on 
someone  else's;  he  already  flies  too  close  for  this.  In  other  words,  Air 
Force  transport  aircraft,  flying  in  routine  formation,  would  have  climb  or 
dive  avoidance  maneuver  commands  displ  xl  all  the  time.  In  contrast, 
the  pilot  of  a  civilian  aircraft  can  maneuver  in  air  space  with  much  less 
restraint  than  a  military  pilot  flying  in  formation. 

In  the  militarv  case,  the  purpose  of  the  avoidance  maneuver  is  to 
bring  the  aircraft  back  exactly  to  its  assigned  position  in  the  formation 
rather  than  just  get  it  out  of  the  way  by  moving  to  a  different  altitude. 
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Displays 


In  most  cases,  the  military  pilot  needs  a  display  to  tell  him  his 
position  relative  to  other  aircraft  in  the  formation.  In  the  case  of  the 
Air  Force  and  Navy  this  takes  the  form  of  a  PPI  or  radar  scope. 

Sometimes  an  auxiliary  digital  readout  is  used  for  tracking  an  aircraft 
immediately  in  front.  This  instrument  will  generally  read  range  more 
accurately  than  a  scope  type  of  display. 

CONCLUSION 

By  the  use  of  time/frequency  stationkeeping,  collision  avoidance 
protection  has  been  provided  among  aircraft  that  ordinarily  fly  much  closer 
than  civilian  aircraft.  The  Air  Force  has  developed  this  stationkeeping 
system  through  four  generations  of  hardware  and  through  many  flight  tests 
under  realistic  operational  conditions.  As  a  result,  there  has  been  a 
growing  acceptance  of  the  techniques  for  one-way  ranging,  air-to-air 
clock  alignment,  and  synchronized  time  slot  multiplexing  as  the  best 
solutions  not  only  for  airborne  stationkeeping  in  military  formation  flying 
but  also  in  collision  avoidance,  random  encounters  of  civilian  aircraft. 

What  will  the  future  bring  in  airborne  military  applications  of  lime/ 
frequency  techniques?  Are  we  heading  for  an  integration  of  the  existing 
Air  Force  stationkeeping  system  with  the  civilian  collision  avoidance  system 
now  being  developed? 

It  would  be  unrealistic  to  assume  that  a  simple  addition  of  the  range 
rate  computation  would  convert  the  Air  Force  stationkeeping  system  into  the 
collision  avoidance  system  wanted  by  the  airlines.  It  would  be  equally 
unrealistic  to  assume  that  the  addition  of  an  L-band  directional  antenna 
system  to  the  ATA  defined  collision  avoidance  system  would  enable  it  to 
meet  the  established  Air  Force  requirements. 

The  Air  Force  pilot  must  precisely  maintain  his  position  relative  to 
the  other  aircraft  in  the  formation.  This  requires  accurate  bearing  measure¬ 
ments,  and  therefore  operation  at  a  much  higher  R-F  carrier  frequency. 
Vertical  avoidance  maneuvers  are  impossible  in  military  tree-top  level 
flying.  A  different  display  philosophy  applies  and  the  pilot's  decision 
making  ability  is  utilized  to  cope  with  combat  situations  where  the  plans 
of  men  and  the  programming  of  computers  need  to  change. 
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There  is,  however,  little  doubt  that  at  some  future  time  the  two  systems 

can  assist  each  other  for  better  overall  function  and  it  may  then  be  desirable 

to  put  them  in  a  common  set  of  black  boxes  to  minimize  duplication  of 

circuitry.  Sierra  Research,  the  supplier  of  the  AN/APN-169,  has  for 

instance,  worked  out  a  method  whereby  a  TACAN  ground  installation  may 

be  utilized  in  a  temporary  back-up  mode  operation  to  facilitate  stationkeeping 

clock  alignment  to  each  other  of  two  flight  formations  that  are  not  in 

stationkeeping  radio  contact  with  each  other.  Once  CAS  synchronization 

>» 

signals  become  available  world-wide,  it  would  be  a  logical  next  step  to 
investigate  whether  the  CAS  message  could  become  the  master  timing 
function  for  stationkeeping  of  all  flight  formations  wherever  they  are. 

Sierra  tells  me  that  it  may  even  be  possible  to  retrofit  collision  avoidance 
systems  and  a  master  timing  coupler  into  Air  Force  aircraft  already 
equipped  with  stationkeeping  equipment  of  the  present  established  Air  Force 
configuration. 
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IFR  FORMATION  MISSIONS 
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FEASIBILITY  FLIGHT  TEST  RESULTS 
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THREAT  SENSING  CRITERIA 
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COLLISION  AVOIDANCE  PARAMETERS 


J.  S.  A.  F  FLIGHT  CIVILIAN  COLLISION  AVOIDANCE 

FORMATION  (ATA) 

(CLOSE  LOOK) 


PROXIMITY  WARNING  RADIUS 


Time  Dissemination  by  Satellite 


By 

G.  C.  Weiffenbach 
John  Hopkins  University 
Applied  Physics  Laboratory 

The  major  advantage  of  using  satellites  for  time  dissemination  is  the 
ability  to  use  line -of- sight  radio  frequencies  to  cover  very  large  geo¬ 
graphic  areas. 

Wide  geographic  coverage  can  be  gotten  in  suface  to  surface  commu¬ 
nication  only  by  using  the  ionosphere  to  obtain  ducting  or  reflection  to 
propagate  around  the  curvature  of  the  earth.  Thus,  of  necessity,  one  must 
use  radio  frequencies  which  interact  strongly  with  the  ionosphere  and 
which  are  subject  to  multipath  problems.  The  resulting  uncertainties  in 
propagation  are  a  fundamental  obstacle  to  the  attainment  of  synchroniza¬ 
tion  to  better  than  a  few  microseconds  at  ranges  beyond  several  hundred 
miles. 

Two  kinds  of  satellite  orbits  are  of  particular  interest  for  time 
dissemination:  high  altitude  (22,000  miles)  synchronous  orbits  which  are 
simultaneously  visible  over  intercontinental  distances,  and  low  altitude 
(e.  g.  ,  600  miles)  polar  orbits,  in  which  a  single  satellite  is  visible  from 
all  points  on  the  earth  at  some  time  within  every  12  hour  interval  by  virtue 
of  the  orbital  motion  of  the  satellite  and  the  rotation  of  the  earth  under  the 
orbit.  In  both  cases  it  is  possible  to  reduce  propagation  time  uncertainties 
to  the  level  of  10  nanoseconds. 
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The  Navy  Navigational  Satellite  System  (TRANSIT)  has  been  used  to 
disseminate  time  to  both  navigators  and  a  global  network  of  tracking 
stations  (TRANET)  on  an  operational  basis  for  several  years.  TRANSIT 
uses  four  satellites  in  600  nm  polar  orbits  to  provide  full  global  coverage. 
The  time  synchronization  accuracy  requirement  of  400  microseconds  has 
been  maintained  continuously  since  TRANSIT  was  first  declared  opera¬ 
tional  in  1964,  the  timing  error  typically  being  held  to  better  than  100 
microseconds  RMS. 

Each  operational  TRANSIT  satellite  carries  an  ultra-stable  crystal 
oscillator  with  a  drift  rate  of  5  to  10  parts  in  10^  per  day.  These  oscil¬ 
lators  are  required  for  maintaining  stable  transmissions  on  150  and  400 
MHz  for  making  doppler  measurements  for  both  tracking  and  navigation. 
Clearly  they  can  also  serve  as  clocks  and  are  so  used  by  means  of 
divider  chains  which  provide  time  markers  every  even  integer  UTC 
minute.  These  time  markers  are  impressed  on  the  doppler  carriers  so 
they  can  be  received  by  the  same  equipment  which  is  used  for  tracking 
or  navigating. 

The  TRANSIT  tracking  stations  routinely  observe  these  time  markers 
at  the  same  time  that  doppler  measurements  are  made.  The  doppler  data 
are  used  to  obtain  the  satellite  transmitter  frequencies  which  are  directly 
related  to  clock  rate.  This  information  is  then  used  to  adjust  satellite 
clock  epoch  and  rate  by  ground  command. 
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For  accurate  time  recovery,  one  must  know  the  range  to  the  satel¬ 
lite  at  the  instant  a  time  marker  is  broadcast  from  the  satellite.  In  the 
TRANSIT  this  information  is  also  needed  for  navigation,  so  a  fresh 
ephemeris  is  computed  daily  for  each  operational  satellite  These 
ephemerides  are  transmitted  to  the  appropriate  satellite  for  storage  in 
on-board  memories.  Each  TRANSIT  satellite  then  continuously  broad¬ 
casts  its  own  position  for  each  even  integer  minute.  The  range  uncer¬ 
tainties  caused  by  inaccuracies  in  satellite  position  are  typically  equivalent 
to  timing  errors  of  the  order  of  50  nanoseconds. 

The  present  timing  accuracy  in  TRANSIT  is  substantially  poorer  than 
what  is  needed  for  a  Time / Frequency  Collision  Avoidance  System.  It 
must  be  emphasized,  however,  that  there  are  no  fundamental  obstacles 
to  upgrading  TRANSIT  to  meet  the  stated  CAS  requirement  of  125  nano¬ 
seconds  RMS.  The  principal  modifications  needed  to  obtain  this  increase 
in  timing  accuracy  are  the  addition  of  a  higher  modulating  frequency  for 
the  time  markers  and  the  use  of  a  Rubidium  Vapor  frequency  standard 
in  the  satellites.  Both  modifications  are  now  technically  feasible. 

Raising  the  modulation  frequency  will  increase  the  resolution  of  each 
time  measurement.  The  present  frequency  of  400  Hz  restricts  the  time 
decoding  resolution  to  about  10  microseconds  (about  1  degree  of  phase). 

It  is  possible  to  superimpose  a  modulation  of  about  25  KHz  on  the  present 
bit  pattern  without  disturbing  existing  equipment.  This  would  result  in 
resolution  of  the  order  of  40  nanoseconds  for  each  measurement. 
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The  use  of  the  Rb  standard  (which  would  also  enhance  navigation 
accuracy)  would  result  in  more  accurate  prediction  of  clock  rate.  The 
drift  of  Rb  standards  can  be  predicted  ahead  for  24  hours  to  an  accuracy 
of  a  few  parts  in  10^,  which  would  produce  errors  of  less  than  50  nano¬ 
seconds  . 

Important  advantages  result  from  redundancy  when  using  TRANSIT 
for  global  time  synchronization.  First,  accuracy  will  be  enhanced  by 
data  averaging.  About  6  measurements  can  be  gotten  for  each  pass,  and 
5  or  6  passes  can  be  gotten  each  day  for  each  of  the  four  satellites. 

Random  measuring  errors  clearly  will  be  reduced  by  averaging.  But  even 
ephemeris  errors,  which  are  systematic  for  each  satellite  pass,  tend  not  to 
be  correlated  from  pass  to  pass  and  satellite  to  satellite,  and  so  they  will 
also  be  reduced. 

The  fact  that  each  satellite  can  be  observed  at  every  site,  including 
a  designated  "master"  station,  several  times  each  day  avoids  the  accumu¬ 
lation  of  error  that  is  possible  in  a  system  in  which  timing  is  transmitted 
serially  from  one  point  to  another.  Finally,  reliability  is  enhanced  by 
the  observation  at  each  site  of  4  independent  satellite  clocks. 
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REMARKS  ON  FREQUENCY  COMBINER 
AND  MICROELECTRONIC  CLOCK 
M.  E.  Shawe,  Code  521 
NASA.  Goddard  Space  Flight  Center 


We  also  have  efforts  underway  to  improve  clocks,  time  codes  and 
atomic  standards.  Two  projects  of  interest  are  the  Frequency  Combiner 
and  the  Microelectronic  Clock.  The  first  slide  shows  the  Frequency 
Combiner  advantages  and  the  second  slide  is  a  simplified  block  diagram. 
Not  shown  are  the  megahertz  inputs  to  each  Control  Module  and  identical 
one  megahertz  outputs  from  each  Buffer  Amplifier. 

The  microelectronic  clock  is  similar  to  the  unit  in  use  in  STADAN 
except  that  it  is  entirely  microelectronic.  Its  characteristics  and 
pirture  are  shown  in  two  slides.  A  new  STADAN  timing  system  using 
aiomic  standards,  frequency  combiner,  and  microelectronic  clock  could 
be  contained  in  one  standard  seven  foot  rack. 
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FREQUENCY  COMBINER 
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6.  ADDED  CIRCUITRY  AFFECTS  SYSTEM  RELIABILITY 


FREQUENCY  COMBINER 


01 


MICROELECTRONIC  CLOCK 
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8.  REQUIRES  1  MHz  FREQUENCY  STANDARD  INPUT 
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REMARKS  ON  NASA  SATELLITE  TRACKING 
AND  DATA  ACQUISITION  NETWORK  (STADAN) 
M.  E.  Shawe ,  Code  521 
NASA,  Goddard  Space  Flight  Center 


The  STADAN  consists  of  17  world  wide  stations.  Since  the  network 
is  primarily  a  user  of  time,  it  is  vitally  interested  in  present  and 
future  timing  systems. 

Funds  are  made  available  for  more  accurate  and  precise  timing 
systems  only  as  justified  by  a  reasonably  firm  requirement.  Thus 
far  the  requirements  of  the  experimenters  have  called  for  absolute 
accuracies  in  the  region  of  oi. e-half  second  and  uniformity  or  self 
consistency  of  milliseconds.  At  present  our  firm  requirement  for 
greatest  accuracy  is  ±  100  microseconds  based  on  accuracy  of  present 
Range  and  Range  Rate  tracking  systems.  A  laser  tracking  system  under 
development  at  GSFC  may  push  this  to  10  microseconds  if  that  system 
becomes  an  operational  STADAN  tracking  system. 

Thus  at  GSFC  we  are  examining  synchronization  systems  including: 
(1)  Portable  Clocks;  (2)  Dual  Very  Low  Frequencies;  (3)  Loran-C;  and 
(4)  Satellites.  We  intend  to  select  the  most  desirable  in  the  light 
of  requirements  and  cost. 

Mr.  Straton  Laios  will  talk  on  the  present  STADAN  timing  system 
and  methods  of  synchronization. 
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Remarks  on 


GEOS  TIME  SYNCHRONIZATION 
by 

Straton  C.  Lalos,  Head, 

Time  Standard  Section 
NASA-Goddard  Space  Flight  Center 


The  Geodetic  Earth  Orbiting  Satellite  (GEOS)  is  presently  being 
utilised  to  time  synchronise  the  Space  Tracking  and  Data  Acquisition 
Network  (STADAN).  The  GEOS  satellite  provides  a  capability  of  time 
synchronising  the  STADAN  to  fifty  (50)  microseconds  of  Universal  Time 
Coordinated  (UTC) . 

The  GEOS  spacecraft  houses  a  crystal  control  clock  which  produces 
a  time  mark  (epoch)  each  minute.  The  time  epoch  is  transmitted  from 
the  satellite  and  as  it  passes  over  a  STADAN  tracking  station  it  is 
received  and  compared  to  a  locally  generated  one  pulse  per  minute  (1  PPM) 
(Refer  to  Figure  1) . 

The  timing  signal  is  186.67  pulses  per  second  square  wave  which 
surrounds  the  spacecraft  minute.  On  the  spacecraft  minute,  a  phase 
reversal  occurs  in  the  timing  signal.  The  timing  signal  phase  modulation 
the  136  MC  carrier  which  is  transmitted  to  the  station. 

The  carrier  is  received  by  the  station  136  MC  telemetry  link.  The 
timing  signal  is  demodulated  and  sent  to  the  Time  Recovery  Unit.  The 
Time  Recovery  detects  the  phase  reversal  in  the  timing  signal  and 
produces  a  stop  signal  which  is  sent  to  a  time  interval  counter.  The 
time  interval  counter  measures  the  interval  between  the  locally  generated 
1  PPM,  which  starts  the  counter  and  detected  phase  reversal  of  the 
timing  signal.  This  measuisment  must  now  be  reduced  for  the  slant  range 
between  spacecraft  and  station, delays  in  the  station  equipment  and  the 
error  in  the  spacecraft.  Hence,  the  time  error  E  at  the  station  is 
equal  to  Tm  -  Tp  -  Td  -  Tac. 

Tm  ■  the  time  measured  by  the  counter 

Tp  ■  slant  range  in  time 

Td  ■  station  delays 

Tac  ■  spacecraft  error 

In  order  to  measure  the  spacecraft  error,  the  Rosman  tracking  facility 
was  selected  as  the  master  timing  station  (refer  to  Figure  2) .  The 
time  standard  at  Rosman  is  synchronised  to  a  precise  time  standard  at 
GSFC  via  a  microwave  link.  The  three  sigma  of  the  round  trip  delay  of 
the  microwave  link  over  the  past  two  years  has  been  ten  (10)  microseconds. 
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The  same  measurement  Is  made  at  the  master  station  as  is  made  at 
all  stations.  However,  the  error  that  la  reduced  from  the  data  is 
not  station  clock  error  but  the  spacecraft  error.  Thi6  data  is  now 
uped  to  correct  the  data  from  STADAN  and  time  corrections  are  forwarded 
to  the  stations. 

The  data  collected  at  Rotman  is  also  used  to  maintain  the  space¬ 
craft  to  within  Ffour  hundred  (400)  microseconds  of  WWV.  This  i6 
accomplished  by  transmitting  the  proper  corrections  to  the  spacecraft. 

Since  the  launch  in  January  1968,  Rosman  and  *Fort  Myers  have  been 
simultaneously  measuring  the  GEOS  Timing  epoch.  The  average  difference 
between  the  two  stations  measurements  over  this  seven  month  time  span 
has  been  forty  (40)  microseconds.  Comparisons  between  the  GEOS  Timing 
Data  and  Atomic  Clocks  have  been  made  at  Quito,  Ecuador;  Santiago,  Chile; 
and  Winkfield,  England.  These  comparisons  were  made  over  a  few  days  and 
resulted  in  somewhat  better  results  than  the  aforementioned. 

During  the  month  of  May,  GEOS  Timing  Data  was  compared  against 
Very  Low  Frequency  (VLF)  Data  at  aix  (6)  of  the  STADAN  tracking  stations. 
The  oscillators  at  each  of  the  stations  were  allowed  to  run  without 
correction  for  a  two-week  period.  The  accumulated  phase  error  as 
determined  by  VLF  was  compared  to  the  accumulated  phase  error  as  deter¬ 
mined  by  GEOS.  Following  is  a  table  of  the  results; 


STATION 

VLF  DATA  IN 
MICROSECONDS 

GEOS  DATA  IN 
MICROSECONDS 

DIFFERENCE 

MICROSECONDS 

AVERAGE  ERROR /DAY 
MICROSECOND /DAY 

Fairbanks,  Alaska 

129 

117 

22 

1.6 

Johannesburg, 

South  Africa 

615 

658 

43 

3.0 

Orroral , 

Australia 

272 

274 

02 

0.15 

Santiago, 

Chile 

192 

172 

20 

1.4 

Tananarive , 
Madagascar 

457 

400 

57 

4.0 

Winkf ield , 

England 

285 

333 

48 

3.4 

The  results  of  all  the  data  collected  and  analyzed  has  indicated 
that  Goddard's  STADAN  is  presently  time  synchronized  to  within 
fifty  (30)  microseconds  or  better. 

*  Fort  Myers  is  time  synchronized  by  LORAN-C  ground  wave  from  Jupiter,  Fla. 
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Remarks  on 


ATS  TIME  SYNCHRONIZATION 
by 

Straton  C.  Laios,  Head, 

Time  Standard  Section 
NASA-Goddard  Space  Flight  Center 


The  Application  Technology  Satellite  (aTS)  will  be  used  in  the 
near  future  to  time  synchronize  Goddard's  ATS  stations  (Mojave,  California 
and  Toowoomba,  Australia).  These  stations  are  presently  using  High 
Frequency  transmission  for  time  synchronization  and,  therefore,  time 
errors  of  one  to  two  milliseconds  can  easily  occur.  These  stations  can 
easily  be  synchronized  to  within  five  (5)  microseconds  by  use  of 
the  ATS  satellite. 

The  Rosman  tracking  facility  has  been  selected  as  the  master  timing 
station  and  Mojave  and  Toowoomba  the  slave  stations.  The  reason  for  the 
above  is  that  the  Rosman  time  standard  is  held  very  close  to  WWV  via  a 
microwave  link  from  the  Goddard  Time  Standard  Facility. 

Time  Synchronization  will  be  accomplished  by  simultaneously 
transmitting  timing  signals  between  a  master  and  a  slave  station.  Each 
station  starts  a  time  interval  counter  by  the  signal  it  transmitts  and 
stops  the  counter  by  the  signal  it  receives  (Refer  to  Figure  1).  The 
time  error  between  the  station  is  the  time  interval  measured  at  the 
master,  designated  Tm,  minus  the  time  interval  measured  at  the  slave, 
designated  Ts,  dividided  by  two.  (E  ■  Ttr  ■  Ts) . 

Tm  is  the  time  interval  measured  at  the  master  station. 

Txm  is  the  transmitter  delay  at  the  master. 

Tl  is  the  propagation  path  from  the  master  to  spacecraft. 

T2  is  the  path  from  the  spacecraft  to  the  slave  station. 

T3  is  the  path  between  the  spacecraft  and  the  master  station. 

T4  is  the  path  between  the  slave  and  the  spacecraft. 

Txs  is  the  transmitter  delay  at  the  slave. 

Trm  is  the  receiver  delay  at  the  master. 

Trs  is  the  receiver  delay  at  the  slave. 

The  SHF  carrier  will  be  modulated  by  a  IPPS  timing  signal  from  the 
station  time  standard  and  transmitted  via  the  satellite  from  the 
master  to  the  slave  and  simultaneously  from  the  slave  to  the  master. 

From  Figure  1  it  can  be  seen  that: 
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ATS  TIME  SYNCHRONIZATION  (cont.) 


Tm  -  Txm  +  Tj  +  Tj  +  Trs  4-  E 
Ta  -  Txa  +  T3  4-  T4  4-  Trm  -  E 

Tm  -  Ta  “JpTxm  -  Txa  4-  (T^  4-  T2)  -  (T3  +  T^)  +  (Trs  -  Trm)  4-  2E 

Because  the  apacecraft  la  aynchronoua  TI  T3  and  T2  T4.  It  can 
be  aaaumed  that  Txm  -  Tax  ^  0  and  Tra  -  Trm  ■  0  since  the  channels  used 
are  wide  band  and  should  have  very  little  delay  in  themselves.  Also, 
only  the  difference  delay  contributes  to  error  of  the  technique.  This 
contribution  should  be  in  the  nanoseconds  region.  Hence, 


if  the  answer  is  positive  the  slave  station  is  slow  and  if  the  answer 
is  negative  the  slave  station  is  fast. 

Without  a  rigorous  analysis  we  can  easily  predict  synchronisation 
results  of  less  than  five  microseconds.  However,  it  appears  that  more 
rigorous  analysis  would  provide  even  better  results.  The  work  performed 
by  Dr.  Markowitz  and  others  has  let  one  to  believe  that  this  and  similar 
techniques  will  provide  time  synchronization  approaching  0.5  microseconds. 
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TIME  SYNCHRONIZATION 
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FIGURE 


Remarks  on 


ASTRODATA  TIMING  SYSTEM 
by 

Straton  C.  Laios,  Head, 

Time  Standard  Section 
NASA-Goddard  Space  Flight  Center 


The  Astrodata  Timing  System  is  a  highly  reliable,  redundant, 
flexible  solid  state  device.  It  employs  triple  redundant  digital 
clocks  and  code  generators.  Each  clock  and  generator  contains  its 
own  power  system.  The  power  system  consists  of  redundant  power  supplies 
and  uses  batteries  as  backup  power  in  case  of  line  failure.  The  digital 
clocks  are  driven  from  one  of  two  Sultzer  2.5  oscillators.  In  case  of 
failure  of  one  oscillator,  the  system  automatically  switches  to  the 
other . 

The  system  employs  majority  logic  to  drive  its  distribution 
system,,  The  majority  logic  output  is  the  two  of  the  three  clock  inputs 
that  are  the  same.  Hence,  in  case  of  failure  of  one  clock,  the  user 
will  not  see  a  loss  of  signal.  The  timing  system  also  contains  malfunction 
detectors  to  find  errors  in  the  clocks. 

The  output 8  of  the  system  are  pulse  rates  from  a  100  K  pps  to  l  pps 
in  decade  steps,  sine  waves  from  5  MC  to  60  cps,  parallel  time  of  year 
and  the  four  NASA  time  codes  (NASA  1/sec.,  1/mln. ,  1/hr.,  and  the 
serial  decimal  time  code). 
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SYNCHRONIZATION  EXPERIMENT  FOR  A  TIME  DIVISION 
MULTIPLE  ACCESS  SATELLITE  COMMUNICATION  SYSTEM 

W.K.  Allen 

NASA/Goddard  Space  Flight  Center 
Greenbelt,  Maryland 

J.G.  Dunn 

ITT  Federal  Laboratories 
Nutley,  New  Jersey 


Time  division  multiple  access  (TDMA)  and  other  systems  by  which 
several  ground  stations  can  share  a  wideband  satellite  transponder  have 
been  compared  in  the  literature. 1  TDMA  is  potentially  capable  of  high 
efficiency  because  none  of  the  transponder  output  power  need  be  wasted 
in  intermodulation  noise.  In  addition,  TDMA  does  not  require  trans¬ 
mitter  power  control  as  other  techniques  do.  However,  a  TDMA  system 
requires  network  synchronization  to  realize  these  advantages. 

In  TDMA,  each  ground  station  transmits  information  bursts  which 
are  timed  to  arrive  at  the  satellite  in  time  intervals  relative  to 
bursts  from  other  stations.  The  phasing  of  the  transmitted  signals 
must  then  be  adjusted  to  compensate  for  the  difference  in  range  of 
the  satellite  to  the  various  stations.  For  medium  altitude  satellites, 
the  range  is  continuously  changing  and  the  continuous  phasing  adjust¬ 
ment  results  in  a  frequency  offset;  the  doppler  which  is  proportional 
to  the  rate  of  change  of  range. 

A  synchronization  experiment  for  a  TDMA  satellite  system  is  being 
conducted  by  ITT  Federal  Laboratories  under  direction  of  the  NASA 
Goddard  Space  Flight  Center.  This  system  is  an  outgrowth  of  a  doppler 
compensation  technique  developed  and  tested  by  NASA  in  1965.  The 
compensation  technique  maintains  a  sync  signal  at  the  satellite  whose 
frequency  is  essentially  uneffected  by  doppler. 

The  TDMA  format,  figure  1,  chosen  for  this  experiment  is  based 
on  the  real  time  transmission  of  information  and  provides  for  1  sync, 
burst  and  10  data  bursts  of  10-«<s  duration,  each  with  a  guard  time 
of  1.25  .-ys  between  bursts.  Synchronization  is  by  doppler  tracking 
where  one  master  station  tracks  the  doppler  actively  and  the  slave 
stations  track  it  passively.  The  sync  burst  is  modulated  by  a  nominal 
800  khz  tone  which  is  harmonically  related  to  the  frame  rate  and  is 
used  for  all  time  divisions  in  the  format. 
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The  master  station  transmits  the  sync  burst  consisting  of  800  khz 
minus  its  own  doppler  of  the  800  khz  and  receives  it  as  800  khz  plus  its 
own  doppler.  The  transmitted  frequency  is  adjusted  so  that  the  sum  of 
the  transmitted  and  received  frequencies  is  a  constant.  This  method  of 
doppler  tracking  assures  that  the  sync  tone  at  the  satellite  is  a  true 
800  khz. 

A  slave  station  receives  the  pulsed  tone  from  the  master  station 
via  the  satellite.  Since  the  tone  was  a  true  800  khz  at  the  satellite, 
it  will  be  received  with  the  true  doppler  of  the  slave  station.  The 
slave  station  uses  this  to  preset  its  transmitted  frame  rate  by  a 
technique  identical  to  that  used  by  the  master  station  for  doppler 
tracking.  The  slave  station  uses  a  PN  code  ranging  technique  to  det¬ 
ermine  the  correct  initial  phase  for  its  transmitted  format. 

Two  TDMA  terminals  were  constructed  for  feasibility  experiments, 
figure  2.  Each  terminal  is  designed  to  function  either  as  a  master  or 
a  slave  station.  These  terminals  were  installed  in  the  Nutley  ground 
station  to  share  the  station  transmitter  and  receiver  front  end,  but 
otherwise  to  function  independently. 

The  Relay  II,  medium  altitude  satellite,  has  been  used  in  system 
tests.  The  one-way  propagation  delay  for  Relay  II  varies  from  7  to  38 
ms  and  the  maximum  doppler  is  17  parts/10&.  A  large  variety  of  exper¬ 
iments  have  been  condcuted  with  the  satellite  in  which  many  of  the 
terminal  parameters  have  been  varies.  The  timing  accuracy  between 
master  and  slave  is  consistently  better  than  the  1.25  guard  time 
under  all  orbit  conditions.  The  acquisition  procedure  includes  auto¬ 
matic  search  modes  but  uses  manual  switching  between  modes  and  manual 
doppler  preset  for  the  loops.  The  total  acquisition  time  for  a  terminal 
is  typically  between  5  and  20  seconds. 


Schwartz,  et.  al .  "Modulation  techniques  for  multiple  access 
to  a  hard-limiting  satellite  repeater",  Proc.  IEEE,  Volume  54, 
pp.  763-777,  May,  1966. 


Abstract,  paper  given  at  International  Conference  on  Communications 
1967  Comm.  Tech.  Group  -  Space  Conn.  Committee,  Minneapolis,  Minn. 
June  12-14,  1967. 
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CLOCK  PERIODS 


TOMA  TERMINAL 
BLOCK  DIAGRAM 


World-Wide  Time  Review 


By 

G.  M .  R .  Winkler 

It  is  necessary  to  review  basic  principles  and  concepts  to  establish  values 
and  to  scrutinize  goals  in  order  to  evaluate  the  many  possibilities  which  exist 
or  have  been  proposed  for  long  distance  synchronization.  One  single  time 
referer.c  ■  or  several  independent  systems:  Today  one  single  reference  is  the 
only  feasible  approach  from  a  purely  economical  point  of  view. 

However,  cost  versus  redundancy  and  the  status  of  a  proposed  method  in 
the  research  and  development  cycle  are  additional  important  points.  Up  to 
now,  precision  timing  has  been  provided  (with  the  notable  exception  of  WWV) 
as  a  piggyback  operation  superimposed  as  a  secondary  mission  to  navigation 
and  communication  services.  I  believe  that  this  principle  of  economy  is  still 
far  from  being  exhausted. 

International  Aspects  of  Clock  Time  Scales:  Improved  international 
cooperation,  centrally  coordinated  by  the  Bureau  International  de  l'Heure 
(B.  I.  H.  ),  is  being  attempted  at  the  present  time.  A  considerable  improve¬ 
ment  in  the  operations  of  the  coordinated  clock  time  scale,  UTC,  will  be 
necessary  for  the  realization  of  precision  sub-microsecond  world-wide  timing. 
Steps  for  such  an  improvement  on  an  international  basis  have  been  taken 
(CCIR  Interim  Meeting  Document  No.  70).  Our  proposal  calls  for  the 
abolishment  of  frequency  offsets  and  for  steps  of  1  second  in  the  future  UTC 
system.  The  navigators  do  not  like  this  yet. 
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Performance  of  Atomic  Clocks:  For  all  practicable  purposes,  the 


cesium  beam  clock  is  the  only  clock  readily  available  with  a  performance 
allowing  a  sub-microsecond  synchronization  under  operational  conditions. 

Data  on  the  performance  of  portable  clocks,  together  with  experience  of  the 
operation  of  cesium  beam  clocks  in  the  laboratory,  indicate  that  it  is  entirely 
sufficient  to  synchronize  once  per  week  in  order  to  maintain  such  microsecond 
internal  system  synchronization.  The  two  data  which  proved  that  this  is 
possible  ar'  (a)  the  RMS  closure  errors  of  the  U.  S.  Naval  Observatory's 
four  portable  clocks  in  more  than  30  trips  of  20  to  30  days'  duration  (one 
microsecond);  and  (b)  the  range  of  RMS  deviations  from  a  linear  performance 
of  the  U.  S.  Naval  Observatory's  cesium  beam  clocks  from  between  55  nano¬ 
seconds  to  one  microsecond  RMS  for  a  100-day  interval  with  a  daily  sampling. 
In  order  to  provide  sufficient  reliability,  a  minimum  redundancy  of  3  to  4 
clocks  in  a  timing  center  is  necessary.  At  the  same  time,  this  redundancy 
will  invariably  improve  the  available  precision  by  revealing  sudden  frequency 
changes  of  any  one  standard. 

The  question  of  averaging  of  phase  and  frequency  in  an  automatic  combiner 
versus  computer  evaluation  of  independently  running  clocks  must  be  decided 
individually  according  to  requirements.  Most  applications  in  conjunction  with 
an  existing  computer  will  be  better  off  by  having  the  computer  average  and 
monitor  the  individually  operating  clocks.  On  the  other  hand,  in  the  absence 
of  such  a  computer,  operational  convenience  may  dictate  the  use  of  an 
additional  phase  combiner. 
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Synchronization  Techniques:  In  reference  to  the  principles  mentioned 
above,  particularly  the  availability  in  the  R&D  cycle,  it  is  my  opinion  that 
the  following  order  of  synchronization  techniques  can  be  recommended  for  the 
purpose  at  hand: 

a.  Portable  clocks  or  flyover  services  once  per  week 

b.  Loran-C  as  backup 

c.  Satellite  synchronization  for  the  future  (5  years  or  later) 

d.  Omega/ WWVL/ Loran-C  skywave 

For  local  synchronization  links,  the  application  of  the  television  pulse 
technique  reported  in  the  September  issue  of  the  IEEE  Group  for  Instrumen¬ 
tation  and  Measurement  Transactions,  1967,  is  the  most  economical  and 
operationally  convenient  method,  particularly  where  microwave  links  are  not 
available . 

A  general  principle  in  regard  to  all  one-way  timing  systems  exists  in 
the  following.  The  secondary  use  of  an  electronic  navigational  system  offers 
the  operational  convenience  that  the  one-way  propagation  time  follows 
directly  from  the  navigation  geometry.  This  convenience  is  available  with 
all  electronic  navigational  systems  as  Loran-C,  Omega,  and  all  satellite 
navigational  systems.  The  existence  of  the  navigational  requirement  not 
only  provides  all  the  operational  and  financial  support  required,  but  in 
addition  allows  the  measurement  of  one-way  propagation  time  directly  from 
the  system. 

In  regard  to  the  Loran-C  system,  the  following  amplifying  comments  apply. 
The  system  is  in  the  operational  status.  The  remaining  chains  can  be 
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synchronized  at  very  little  additional  cost.  The  cost  for  receiving  equipment 
is  probably  the  lowest  for  all  precision  timing  systems.  The  integration  of 
the  timing  function  with  a  navigational  function  allows  additional  uses  to  be 
derived  for  navigational  purposes.  (Rho,  Rho) 

Satellite  Systems:  There  is  no  doubt  that  precision  in  the  order  of  tens 
(10s)  of  nanoseconds  is  available  with  two-way  satellite  microwave  links. 
Relay  II  established  a  precision  of  .1  microsecond  (Markowitz).  The  disad¬ 
vantage  is  the  high  cost  of  the  two-way  link  and  the  relatively  high  cost  for 
the  ground  stations.  On  the  other  hand,  it  seems  clear  that  one-way  satellite 
timing  will  not  provide  the  precision  asked  for  in  the  present  systems 
(.  5  microsecond,  3),  at  least  not  in  an  operationally  convenient  way  unless 
the  timing  function  is  again  superimposed  on  an  improved  navigation  system. 
Such  a  system  is  not  yet  clearly  and  definitely  visible  above  the  R&D  horizon. 
A  replacement  cost  of  a  system  of  synchronous  timing  satellites  is  extremely 
high,  taking  an  average  lifetime  of  two  to  three  years  into  account. 

In  summary,  it  appears  that  not  enough  experience  in  an  operational 
sense  exists  in  regard  to  satellite  timing  of  sub-microsecond  precision  to 
justify  the  freezing  of  a  design  at  the  present  state. 


Ill* 


/ 
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GROUND  STATION  TIMING  SCHEME 
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RECOVERY  FROM  COMPLETE  STOPPAGE 


h 


1.  Set  UTC  clock  to  WWV  -  Prop,  delay  1  ms). 

2.  Set  clock  (A)  to  approximate  A.  1  according  to  the  first  step  of  the 
checking  routine.  (Measurement  #2) 

3.  Set  UTC  Epoch  Monitor  and  lock  Loran-C  Receiver. 

4.  Measure  UTC  clock  -  Loran-C  =  DPV  +  Rec.  Delay  +  Prop.  Delay  -  T  (fy ) 

(Measurement  #4) 

5.  Shift  1  MHz  Phase  to  remove  A  1~  f/\ ) 
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CHECKING  ROUTINE 


DATA;  MEASURED  CLOCK  (A)  —  LORAN-C  (REC) 

FIXED  LORAN-C  (EM  -  LORAN-C  (REC)  -  PROP.  DELAY  +  REC.  DELAY 

FROM  US  NO  UTC  (USNO)  -LORAN-C  (EM)  -  DPV  (Series  U) 

A.l  -  UTC  (USNO)  -  (Series  ill) 

"TABLE" 

CALCULATION  OF  A.l  -  CLOCK  (A)  -  AT (A) 

A.l  -  UTC  (USNO) 

UTC  -  LORAN-C  (EM) 

LORAN-C  (EM)  -  LORAN-C  (REC) 

-  [CLOCK  (A)  -  LORAN-C  (REC)] 

SUM  -  A.l  -  CLOCK  (A)  -  AT  (A) 

EXAMPLE  for  measurement  made  5  August  1968  at  6^0Am07SUT 


Series  HI  +  "Table 

Series  IIA 

FIXED 

MEASURED 


A.l  -  UTC  (USNO)  Series  if 7 
Table  for  hours 

for  minutes 
for  seconds 


6?702  333.7 
648.0 
7.20 


.21 


A.l  -  UTC  (USNO)  6.702  989.11 

UTC  -  LORAN-C  (EM)  Series  H  _ -5.8 

6.702  983.3 

Pro,  ~gatian  Delay  (example)  _ 2  223.7 

6.705  207.0 

Receiver  Delay  (example)  _ 25.4 

6.705  232.4 

_  [CLOCK  (A)  -  LORAN-C  (REC)]  (example)  -6.705  231.7 
A.l  -  CLOCK  (A)  -  AT  (A)  0.7  U8 


That  is,  CLOCK  (A)  is  0.7  ps  behind  A.l 


117 


TABLE  "3" 


A.l  -  UTC  for  every  second  of  a  day 
to  be  added  to  value  pub¬ 
lished  in  #7  for  0  hrs  UT 

OFFSET  of  UTC  =  -300  x  10“10 

(Unit  in  1  microsecond) 


HOURS  MINUTES  SECONDS 


0- 

0 

0- 

0 

30- 

54.00 

0- 

0 

30- 

0.90 

1- 

103 

1- 

1.80 

31- 

55.80 

1- 

0.03 

31- 

0.93 

o 

c.  *“ 

216 

2- 

3.60 

32- 

57.60 

2- 

0.06 

32- 

0.96 

3- 

321- 

3- 

5.40 

33- 

59.40 

3- 

0.09 

33- 

0.99 

4- 

6.  32 

4- 

7.20 

34- 

61.20 

4“ 

0.12 

34- 

1.02 

5- 

580 

5- 

9.00 

35- 

63.00 

5- 

0.15 

1.05 

/ 

o- 

648 

6- 

10.80 

36- 

64.80 

6- 

0.18 

36- 

1.08 

n  — 

756 

7- 

12.60 

37- 

66.60 

7- 

0.21 

37- 

1.11 

8- 

664 

8- 

14.8-0 

38- 

68.40 

8- 

0.24 

36- 

1.14 

/ 

972 

9- 

16.20 

39- 

70.20 

9- 

0.27 

39- 

1.17 

10- 

1080 

10- 

18.00 

40- 

72.00 

10- 

0.30 

40- 

1.20 

11- 

1168 

11- 

19.80 

41- 

73.80 

11- 

0.33 

41- 

1.23 

12- 

1296 

12- 

21.60 

42- 

75.60 

12- 

0.36 

42- 

1 . 26 

13- 

11.04 

13- 

23.40 

43- 

77.40 

13- 

0.39 

43- 

1.29 

li'  - 

",  o 

lir- 

25.20 

44- 

79.20 

14- 

0.62 

44- 

1.32 

1 5- 

io20 

15- 

27.00 

45- 

81.00 

15- 

0.45 

45- 

1.35 

lo- 

1726 

16- 

28.80 

6- 

82.80 

16- 

0.48 

46- 

1  •  36 

- 

1636 

17- 

30.60 

47- 

64.6O 

17- 

o.5l 

47- 

1 .41 

16- 

1944 

18- 

32.40 

48- 

66.40 

13- 

o.54 

48- 

1.44 

19- 

2052 

19- 

34.20 

49- 

68.20 

19- 

o.57 

49- 

1 .47 

20- 

2160 

20- 

36.00 

50- 

90.00 

20- 

0.60 

50- 

1.50 

2268 

21- 

37.80 

51- 

91.80 

21- 

0.63 

51- 

1.53 

22- 

2376 

22- 

39.60 

52- 

93.60 

22- 

0 . 06 

.52- 

1.56 

23- 

2484 

23- 

41.40 

53- 

95.40 

23- 

0.69 

53- 

1.59 

24- 

2592 

24- 

43.20 

54- 

97.20 

24- 

0.72 

56- 

1.62 

25- 

45.00 

55- 

99.00 

25- 

0.75 

55- 

-  r  ^ 

1 . 03 

2  6- 

4.6 .80 

56-100.80 

26- 

0.78 

56- 

1.66 

27- 

48.60 

57-102.60 

27- 

0.8l 

57- 

1.71 

28- 

50.40 

58-104.40 

28- 

O.84 

58- 

1.74 

29- 

52.20 

59-106.20 

29- 

0.87 

59- 

1.77 

60-108.00 

60  - 

1.80 
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(5)  NSS  phase  value  not  coherent  with  phase  values  published  before  station  went  off  air  for 
maintenance. 


U.  S.  NAVAL  OBSERVATORY 
WASHINGTON,  D.C.  20390 


25  July  1968 

PRELIMINARY  TIMES  AND  COORDINATES  OF  THE  POLE,  SERIES  7  NO.  30 


I .  EXTRAPOLATED  CORRECTIONS 

Extrapolated  corrections  of  coordinated  time  signals  are  issued 
by  the  U.  S.  Naval  Observatory  weekly  with  the  predictions  two  weeks  in 
advance . 

These  predictions  are  based  on  observations  of  UT2  made  at  Washington 
and  Richmond.  Linear  curves  are  fitted  to  the  unweighted,  nightly  results 
of  1,  2,  and  3  months  observations  at  each  station  separately.  The 
curves  are  extrapolated  and  combined  into  a  single  value  giving  Richmond 
a  weight  of  two  and  Washington  a  weight  of  one.  Experience  and  judgment 
are  used  if  the  results  from  the  1,  2,  or  3  months  curve  fitting  differ 
extensively,  the  last  observed  month  being  given  the  largest  weight. 

Thus  the  predictions  are  the  difference  UT2-UTC(USNO) .  However, 
they  are  equally  accurate  for  all  coordinated  time  signals.  The  estimated 


accuracy  is  about 

.005  seconds. 

Extrapolated 

Date 

UT2-UTC(USN0) 

OhUT 

MJD 

A.l-UTC(USNO) 

Rate  -  1/4  ms/day 

1968  Aug.  1 

40069 

6?691  965  7 

+  0?026 

2 

40070 

6.694  557  7 

+  0.026 

3 

40071 

6.697  149  7 

+  0.026 

4 

40072 

6.699  741  7 

+  0.027 

5 

40073 

6.702  333  7 

+  0.027 

6 

40074 

6.704  925  7 

+  0.027 

7 

40075 

6.707  517  7 

+  0.027 

JD  -  MJD  +2,400,000.5 
ET  -  A.l  +32.15 
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II.  PRELIMINARY  El  IIS  SION  TIMES  for  Signals  from  NSS, 

NBA,  GBR,  WWV,  CHU,  and  Other  Coordinated  Stations 

The  following  times  for  coordinated  stations  are  derived  by  averaging 
observations  of  UT2-UTC  made  at  Richmond,  Florida;  Washington,  D.  C.;  and 
Herstmonceux,  England.  B.I.h.  corrections  for  each  station  are  used  to 
reduce  the  individual  values  of  UTO-UTC  to  UT2-UTC  before  averaging. 

The  following  table  gives  values  of  UTO-UTC,  UT1-UTC,  and  UT2-UTC 
as  the  differences  in  the  readings  of  clocks.  B.I.H.  corrections  are  used 
to  reduce  UT2-UTC  to  UT1-UTC.  The  value  of  UTO-UTC  is  obtained  from 
UT1-UTC  by  correcting  for  the  variation  in  longitude  of  Washington  as 
given  by  the  B.I.H.  (Conventional  Pole). 

UTO  is  the  reading  of  a  clock  which  indicates  time  UTO.  Similarly 
for  UT1,  UT2,  and  A.l.  "UTC"  is  the  reading  of  the  transmitting  clock. 


For  24  July  1968  at  1500  UT 


UTO  -  UTC, 

+  0?010 

UT1  -  UTC, 

+  0.013 

UT2  -  UTC, 

+  0.017 

A.l  -  UTC, 

6.673 

III.  PROVISIONAL  COORDINATES  OF 

For  24  July  1968 

B.I.H. 

X 

International  Pole 

+  O'. 101 

y 

+  0  V 1 7  7 
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REMARKS  ON  THE  APPLICATION  OF  RF  SPECTROSCOPY  OF 
STORED  IONS  TO  FREQUENCY  STANDARDS 
F.  G.  Major,  Code  521 
NASA,  Goddard  Space  Flight  Center 


The  desirability  of  an  ultrastable  clock  which  can  be  carried 
aboard  an  aircraft  is  clearly  evident  both  in  the  context  of  Dr.  Winkler's 
remarks  on  the  flying  clock  method  of  time  synchronization  of  remote 
stations,  and  for  providing  a  simpler  alternative  to  frequent  resynchroni¬ 
zations  of  user  aircraft  clocks. 

The  long  term  stability  of  atomic  frequency  standards  is  determined 
by  uncontrollable  random  perturbations  from  the  environment  on  the 
atoms  whose  microwave  transition  frequency  is  used  as  a  reference. 
Achievement  of  long  term  stability  requires  the  localization  of  the 
atom  for  the  purposes  of  observing  their  interaction  with  the  microwave 
field  while  retaining  a  high  degree  of  isolation  from  the  environment. 

It  is  in  the  manner  in  which  this  isolation  is  approximated  that 
distinguishes  the  various  types  of  standards.  Thus,  in  the  Cs  beam 
the  atoms  are  observed  in  free  flight;  in  the  Rb  standards  the  atoms 
collide  with  inert  gas  particles  and  in  the  Hydrogen  maser  the  atoms 
collide  with  a  polymerizing  plastic-tef Ion  which  fortunately  is  extremely 
effective  in  that  about  l(r*  collisions  are  required  on  the  average 
before  the  radiating  atom  is  lost.  However,  even  in  the  H-maser  there 
is  inevitably  a  residual  purturbation  due  to  the  wall  collisions  which 
will  utlimately  lead  to  fluctuations  over  a  sufficiently  long  time. 

The  way  to  reach  beyond  the  present  long  term  capabilities  of  atomic 
standards  in  a  reasonably  portable  device  may  perhaps  lie  in  a  radically 
new  direction.  The  results  of  recent  university  research  on  the  rf 
spectroscopy  of  charged  particles,  atomic  ions,  promise  to  have  a 
striking  application  in  the  field  of  frequency  standards.  Ions  may 
be  trapped  in  specially  tailored  high  frequency  electromagnetic  fields 
in  high  vacuum  without  interacting  with  matter  for  periods  exceeding 
by  orders  of  magnitude  what  has  hiteherto  been  possible  with  neutral 
atoms.  This  means  that  exceedingly  small  fractional  line-widths  are 
achievable.  Thus,  for  example,  a  promising  system  utilizing  the  ion 
of  the  mass  199  isotope  of  mercury,  which  has  a  hyperfine  frequency  of 
about  40  GHz  would  have  a  fractional  line-width  of  about  10**2  for  a 
containment  time  of  about  10  seconds,  a  routinely  attainable  value. 
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There  are  of  course  limitations  and  difficulties  -  principally 
the  small  number  of  ions  which  may  be  contained  and  hence  the  expected 
poor  signal  to  noise  ratio.  However,  the  figure  of  merit  of  a  standard  F 
is  given  by  F  °  S/N  (f0/Af)  and  even  though  S/N  is  small,  F  can  still 
be  large  because  of  the  small  fractional  line  width.  In  any  event  this 
figure  of  merit  reflects  the  short-term  capabilities  of  the  standard 
for  which  no  claim  of  improvement  is  made  and  which  is  not  as  important 
as  long  term  stability  for  time-keeping.  The  other  problem  is  that  of 
state  inversion  in  the  ion  system.  For  this,  optical  pumping  or  spin- 
dependent  atomic  collision  processes  are  available.  If  optical  pumping 
is  used,  as  Dr.  E.  Hafner  pointed  out,  there  will  be  the  "light  shift" 
in  the  frequency  to  contend  with.  There  are  several  schemes  possible  to 
circumvent  this  problem:  (1)  pulsing  of  the  light;  (2)  optically 
pumping  the  nuclear  state  of  the  neutral  atom  before  ionization;  and 
(3)  use  such  low  intensity  of  light  as  is  compatible  with  the  (long) 
relaxation  time  of  the  ion;  this  ensures  that  the  light  shift,  which 
is  expected  to  be  no  more  than  a  few  percent  of  the  broadening  due 
to  the  light,  in  the  above  example  would  not  exceed  a  few  parts  in 
10^.  Since  the  ions  are  trapped  in  a  region  on  the  order  of  the 
microwave  wavelength  (7.5mm)  the  system  should  be  no  larger  in  size 
than  the  portable  Rb  standards  -  perhaps  even  smaller. 

Details  of  the  techniques  for  the  radio  frequency  spectroscopy 
of  stored  ions  are  contained  in  the  following  publications: 

H.  G.  Dehmelt  and  F.  G.  Major,  Phys .  Rev.  Letters  8,  213  (1962). 

E.  N.  Fortson,  F.  G.  Major  and  H.  G.  Dehmelt,  Phys.  Rev. 

Letters  16,  221,  (1966) 

F.  G.  Major,  and  H.  G.  Dehmelt,  Phys.  Rev.  170 ,  90  (1968) 


126 


Summary  of  Prior  Work 

Pilot  Warning 

Minneapolis -Honeywell.  This  device  was  based  on  the  principle  of 
infrared  emission  from  intruding  aircraft  and  provided  warning  to  the 
pilot  of  direction  so  that  he  could  then  attempt  to  visually  acquire  the 
intruder.  Distance  to  the  intruder  was  not  provided. 

Navy  Ordnance  Test  Station,  China  Lake,  California.  In  the  mid- 
1950  period  preliminary  'jests  were  conducted  using  aircraft  engines 
as  infrared  sources.  Results  of  these  tests  were  not  promising.  Tests 
thereafter  utilizing  infrared  emission  from  high  intensity  anti-collision 
beacons  on  aircraft  stabilizers  provided  detection  up  to  ten  miles. 

Cornell  Aeronautical  Laboratory.  Direct  projection  of  high  bright¬ 
ness  images  was  found  to  be  partly  successful. 

Motorola,  Inc.  Motorola  experimented  with  a  metric  wave  PWI. 

It  was  found  that  interference,  false  targets,  and  poor  angular  resolutions 
resulted  in  unsatisfactory  performance. 

Other  PWI  Effort.  A  host  of  programs  was  initiated,  some  under  Govern¬ 
ment  sponsorship  for  increasing  skin  reflection  for  visual  observation 
of  the  treated  aircraft  by  other  aircraft.  These  were  found  to  be 
generally  unsatisfactory  for  adequate  proximity  warning. 


1-1 


Sperry  Gyroscope,  This  FAA- sponsored  program  had  as  its 
purpose  full  CA  for  commercial  airlines,  partial  CA  and  PWI  for  well 
instrumented  private  aircraft,  and  PWI  only  for  small  private  planes. 

The  equipment  consisted  of  a  transponder,  a  flush-mounted  Luneberg 
lens  antenna,  and  an  analog  system  of  encoder,  decoder,  computer  and 
simulated  noise  equipment;  The  interrogator  radar  beacon  scanned 
each  two  minutes.  The  transponder  receiver  employed  a  directional 
antenna  with  a  30  rpm  scan  rate.  Received  signals  included  relative 
bearing,  velocity,  altitude,  and  air  speed.  Accuracy  was  claimed  to 
be  50  feet.  Elapsed  time  between  scanning  and  evaluation  of  response 
for  maneuver  indication  was  two  to  four  seconds.  The  system  perfor¬ 
mance  advantages  were  outweighed  by  the  disadvantage  of  system  weight 
and  size.  Cost  of  the  installed  airborne  equipment  was  prohibitive  to 
operators. 

Bendix  Corporation.  The  Bendix  ground-bounce  system  employed  the 
ratio  of  aircraft  separation  distance  to  closure  rate.  This  ratio  is 
symbolized  by  the  Greek  letter  Tau  from  which  is  derived  the  nomen¬ 
clature  "Tau  System.  "  The  system  operates  as  follows.  All  aircraft 
transmit  pulses  spaced  so  as  to  provide  altitude  information.  A  listening 
aircraft  receives  a  direct  pulse  and  an  echo  pulse  which  bounces  from 
the  ground.  If  the  aircraft  are  at  a  common  altitude,  the  collision  threat 
is  evaluated.  With  aircraft  knowing  its  own  altitude,  that  of  the  intruder 
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and  the  time  difference  between  the  direct  and  the  first  ground-bounce,  the 
separation  distance  can  be  computed.  Successive  pulses  provide  the  rate 
at  which  the  range  is  changing.  The  time  remaining  before  the  plane  must 
execute  its  escape  maneuver  is  calculated.  At  a  pre-selected  time  the 
threatened  aircraft  changes  altitude  upward  if  above  the  intruder,  or  down¬ 
ward  if  below.  A  major  disadvantage  of  the  system  was  ground-bounce 
error  based  upon  terraim  contour. 

National  Company.  The  National  technique  employed  the  same  col¬ 
lision  threat  criteria  as  that  proposed  by  Bendix  Corporation.  Like  the 
Bendix  system,  it  is  cooperative  in  nature  and  transmits  a  message 
indicating  own  barometric  altitude.  In  place  of  the  Bendix  ground-bounce 
ranging  technique  to  measure  aircraft  separation,  National  employed  a 
precisely  controlled,  specifically  assigned  time  slot.  An  aircraft  in 
receiving  a  message  from  other  aircraft  within  range  notes  the  time  of 
message  arrival  with  respect  to  its  own  frequency/time  standard  and 
compares  this  with  the  last  assigned  transmit  slot  to  determine  the  time 
required  for  message  transmit.  This  is  directly  equated  to  distance 
between  the  aircraft  with  each  microsecond  of  transmit  time  equal  to 
approximately  1,  000  feet  of  separation. 

Where  Bendix  determined  closure  rate  by  measuring  change-of- 
separation  between  times  of  several  transmissions,  the  time  slot  technique 
employed  by  National  instantaneously  determined  closure  rate  by  measuring 


1-3 


doppler  shift  of  the  received  signal  referenced  to  its  own  frequency/ 
time  standard.  Thus,  range  and  range  rate  were  determined  in  a  single 
one-way  transmission.  Each  one-way  transmission  made  once  per 
second  (for  example)  was  independent  of  other  transmissions  and 
eliminated  averaging. 

A  solution  to  the  requirement  for  high  stability  was  found  in  the  use 
of  low-cost  crystal  oscillators  frequently  updated  from  ground  stations 
employing  an  atomic  oscillator  and  using  an  assigned  time  slot  for 
updating  transmission. 

A  major  area  for  further  study  is  the  use  of  the  technique  in  the 
high  density  terminal  area.  The  accuracy  of  the  range  measurement 
by  a  single  one-way  transmission  appears  to  offer  a  range/altitude  mode 
that  would  n.^t  be  sensitive  to  established,  or  planned,  air  traffic  control 
practices. 

The  technique  appears  to  permit  considerable  reduction  in  cost  for 
airborne  equipment  placing  major  share  of  expense  on  ground  facilities. 
In  turn,  the  ground  facilities  are  thus  enabled  by  virtue  of  the  data  avail¬ 
able  to  ground  stations  to  perform  the  full  functions  of  ATC. 

McDonnell  Aircraft.  A  company-sponsored  program  by  McDonnell 
Aircraft  employed  the  time  and  frequency  technique  to  provide  aircraft 
separation  in  the  company  operated  flight  test  range.  This  is  a  single 
station  operation  wherein  initial  ground  synchronization  of  stable  clocks 
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and  ground/ air  updating  is  utilized.  The  design  is  cooperative,  employs 
time  sharing,  and  is  physically  mounted  in  external  pods  on  the  aircraft. 

Collins  Radio.  In  recognition  by  the  FAA  that  test  of  collision  avoid¬ 
ance  equipment  of  cooperative  nature  in  high  density  terminal  environments 
obviously  included  the  risk  of  false  alarms  which  might  cause  collisions 
where  no  hazard  initially  existed,  Collins  was  placed  under  contract  to 
simulate  actual  environmental  conditions.  Collins  has  evaluated  the  merit 
of  three  different  techniques:  ground-bounce,  interrogator/transponder , 
and  time  frequency. 

In  early  tests  of  range  altitude  systems,  computer  analysis  found 
that  moderate  turning  rates  of  less  than  three  degrees  per  second  did  not 
produce  many  false  alarms  in  the  terminal  area,  but  warning  time  for 
evasive  maneuvers  could  be  sharply  reduced.  This  is  particularly  true 
of  two  aircraft  flying  closely  spaced  parallel  paths  with  one  aircraft 
turning  into  the  other.  As  early  as  mid  1962,  in  an  analysis  of  the  Bendix 
technique,  computer  analysis  showed  that  false  alarm  rate  in  high  density 
areas  was  sensitive  to  air  traffic  control  practices  employed  by  FAA. 

Work  by  Collins,  broadened  to  include  simulation  of  other  collision  avoid¬ 
ance  systems,  is  nearing  completion. 

A  promising  result  of  the  computer  study  was  the  growth  potential 
inherent  in  the  time  and  frequency  technique. 
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A PSA  CHRONOLOGY 
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APPENDIX  III 

C.  THE  STATUS  OF  PWI  PROJECTS 


John  E.  Reed 

Detection  Systems  Branch 
Systems  Research  and  Development  Service 
Federal  Aviation  Administration 
Washington,  D.  C. 


I.  ABSTRACT 

An  FAA  sponsored  symposium  was  held  in  December  1967  to  encourage 
development  of  a  "Pilot  Warning  Instrument."  Status  of  past, 
present,  and  future  programs  was  indicated.  Progress  in  the 
development  of  PWI  will  be  the  subject  of  this  presentation. 

National  Aeronautics  and  Space  Administration  (NASA),  Langley 
Research  Center  is  conducting  a  program  consisting  of  analytical 
and  experimental  studies  specifically  directed  towards  the  evalua¬ 
tion  of  proposed  warning  systems  and  a  specific  doppler  radar 
technique.  NASA/Electronics  Research  Center  has  reported  on  another 
PWI  technique,  the  Electro-Optic  (infrared)  System.  FAA's  contract 
for  visual  illusion,  aircraft  exterior  lighting,  quantitative  PWI 
criteria,  and  separation  standard  studies  is  in  progress  as  is  the 
one  year  study  program  on  "Near  Mid-Air  Collisions."  We  have  recently 
completed  a  program  that  provided  data  to  support  a  low-cost  train¬ 
ing  device  that  would  improve  the  visual  search  time  of  pilots  by 
use  of  improved  scan  techniques,  in  conjunction  with  normal  workloads 
in  the  cockpit. 

The  equipment  characteristics  for  PWI  will  be  Identified,  as  they 
are  known  today;  and  as  presented,  they  offer  only  a  partial  solution 
to  the  potential  developers  and  users. 


II.  INTRODUCTION 


This  presentation  will  indicate  the  status  of  selected  Pilot  Warning 
Instrument  (PWl)  programs  within  specific  government  agencies.  Tech¬ 
nical  content  or  description  will  be  limited  to  allow  a  general  summary 
of  all  significant  PWI  programs.  A  review  of  the  FAA  "near-miss" 
studies  and  preliminary  FWI  equipment  characteristics  will  be  accom¬ 
plished. 
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Using  the  WI  Symposium  in  December  1967,  as  a  baseline,  significant 
activity  is  in  progress  for  the  development  of  a  "Pilot  Warning 
Instrument  (PWI)".  The  referenced  symposium  presented  the  status  of 
PWI  activities  to  December  1967,  and  that  status  is  now  reflected  in 
AD  666-122,  "Pilot  Warning  Instruments,  Proceedings  of  a  Symposium," 
available  from  the  Clearinghouse  for  Federal  Scientific  and  Technical 
Information,  Springfield,  Virginia  22151.  ($3-00  per  copy) 

As  a  brief  summary,  let's  review  what  PWI  is  all  about.  The  definition 
of  PWI  as  agreed  upon  by  the  Collision  Prevention  Advisory  Group 
(COPAG),  composed  of  representatives  from  both  government  agencies 
and  selected  civil  aviation  associations  (i.e.  FAA,  NASA,  AF,  Navy, 
Army,  ATA,  AOPA,  NTSB,  ALPA,  NBAA,  NPA)  is  as  follows: 

"A  pilot  warning  instrument  is  an  airborne  device  whose 
function  is  to  warn  a  pilot  and  provide  him  with  infor¬ 
mation  suitable  to  assist  him  in  visually  locating  other 
traffic  in  his  general  area." 

With  a  PWI,  the  pilot  is  provided  with  a  warning  of  the  existence  of 
other  aircraft  and  in  addition  may  be  supplied  with  Borne  other 
information  to  assist  him  in  evaluating  the  situation,  i.e.  informa¬ 
tion  such  as  the  relative  bearing  to  the  other  aircraft,  or  its 
relative  altitude  or  range  or  any  combination  of  these  parameters; 
however,  by  the  definition,  with  a  PWI,  the  pilot  is  the  computer 
and  it  is  he  who  must  evaluate  the  threat,  select  a  course  of  action 
and  execute  same.  The  following  is  a  summary  of  the  specific  govern¬ 
ment  program  and  general  status: 


III.  PWI  PROGRAM  STATUS 


A.  National  Aeronautics  and  Space  Administration  (NASA)  -  Electronic 
Research  Center"  Dr.  Charles  Leigh  has  previously  reported  on 
the  studies  and  development  of  Electro-Optic  (infrared)  PWI 
components  and  systems.  FAA  will  not  provide  any  further  comments, 
although  at  this  point  we  may  note,  that  FAA  is  working  closely 
with  all  government  organizations  including  NASA/ERC,  NASA/LRC, 
Army,  etc.,  to  provede  a  continuing  technical  and  data  exchange 
for  mutual  PWI  benefits. 

It  has  been  found,  where  FAA  requires  technical  support  in  areas 
not  familiar,  i.e.,  Infrared,  Lasers,  etc.,  NASA  organizations  have 
provided  this  interface  and  consultation.  In  reverse,  FAA  has 
provided  the  operational  data  and  information  in  support  of  NASA 
and  other  government  organizations  in  PWI  equipment. 


III-2 


B.  NASA  -  Langley  Research  Center  -  Langley  Research  Center  is 

conducting  a  program  consisting  of  analytical  studies  of  a  general 
nature  with  respect  to  the  development  and  evaluation  of  warning 
systems,  and  analytical  and  experimental  studies  specifically 
directed  towards  the  evaluation  of  a  proposed  cooperative  doppler 
technique,  PWI.  The  current  status  of  this  work  1b  as  follows: 

1.  Analytical  Studies- 

a.  The  first  requirement  for  conducting  analytical  studies 
is  to  obtain  a  definition  of  the  flight  environment  in 
which  such  systems  must  operate.  Through  the  efforts 
of  FAA  personnel  at  NAFEC,  data  has  been  obtained  which 
provides  the  flight  time  histories  of  all  radar- tracked 
aircraft  in  the  Atlanta  area  over  a  12  hour  period. 

b.  An  initial  computer  analysis  of  this  data  has  been  made 
to  determine  some  of  the  statistics  of  the  flight 
environment  such  as  the  distribution  of  the  values  of 
range,  closing  velocity,  and  altitude  separation  which 
were  encountered. 

c.  Work  is  presently  being  conducted  to  provide  a  more 
detailed  study  of  the  performance  which  could  be  expected 
with  various  types  of  systems  in  this  environment.  This 
is  being  accomplished  by  determining  the  error  rate  (false 
alarm)  which  would  exist  with  various  warning  criteria 
such  as  range  only,  range -altitude,  range -velocity,  etc. 

Statistical  curves  will  be  plotted  with  these  types  of 
alarms  criteria,  vs  probabilities  of  unnecessary  alarms. 
With  this  set  of  data,  it  will  be  possible  to  look  at 
any  number  of  potential  PWI  approaches,  if  based  on 
alarm  criteria  (i.e.  range,  altitude,  relative  angle,  etc.), 
and  determine  under  any  number  of  intruders  what  the 
probabilities  of  false  alarms  are,  and  from  that  analysis, 
determine  the  advantage  or  disadvantage  in  pursuing  it 
further. 

Statistical  curves  and  other  data  will  be  available  on 
completion  of  NASA/LRC's  program. 


d.  Also,  a  detailed  computer  model  of  the  cooperative  doppler 
system  is  being  prepared  which  will  be  used  in  conjunction 
with  this  data  to  determine  the  performance  which  can  be 
obtained  in  a  realistic  environment. 
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2.  Experimental  Program  - 

a.  The  experimental  program  is  being  conducted  to  determine 
what  Implementation  problems  exist  and  to  measure  the 
actual  equipment  performance.  The  system  is  based  on  a 
cooperative,  two-frequency  cw  doppler  interrogated/trans- 
ponder  concept  as  in  Figure  A.  The  primary  information 
provided  to  the  pilot  is  the  closing  velocity  derived 
from  doppler  shift  and  approximate  direction  angle  derived 
by  antenna  lobing.  A  functional  diagram  is  as  shown  in 
Figure  3.  The  received  signal  power  varies  as  the  6th 
power  of  the  range,  providing  an  approximate  measurement 
of  range.  (This  is  due  to  the  squared  variation  in  the 
transmission,  the  square  relationship  in  the  multiplier, 
and  the  squared  variation  in  the  retransmission).  This 
range  measurement  in  conjunction  with  closing  velocity 

is  used  to  control  the  system  sensitivity  and  thus  deter¬ 
mined  false  alarm  rate.  Random  coding  is  employed  to 
allow  all  aircraft  to  operate  on  the  same  frequency 
assignments.  Assignment  of  codes  or  frequencies  for 
individual  aircraft  is  not  necessary.  The  NASA/LRC 
primary  goal  is  to  develop  a  simple  system  and  one  which 
could  be  produced  at  relatively  low  cost. 

b.  Design  and  construction  of  the  prototype  equipment  is 
nearly  complete  and  the  equipment  is  undergoing  laboratory 
evaluation.  However,  final  evaluation  is  being  held  up 
due  to  the  delivery  of  some  components.  Preparations 

have  been  initiated  for  the  installation  and  flight  testing 
of  this  equipment  in  two  aircraft.  Generally,  November  or 
December  should  see  the  actual  start  of  this  flight  program. 

Figure  C  offers  a  few  general  advantages  and  limitations 
of  this  type  PWI. 

Langley  Research  Center  is  investigating  this  technique 
as  one  possible  approach  to  the  collision -hazard  warning 
problem.  LRC  work  has  not  developed  to  the  point  where 
they  can  define  the  detailed  performance  of  various  equip¬ 
ment  configurations  or  their  cost  in  dollars.  You  can 
see,  however,  that  the  transponder  is  relatively  simple 
with  the  major  items  being  the  antenna  and  a  linear  ampli¬ 
fier.  LRC  is  continuing  performance  analyses  of  this  concept 
with  particular  attention  to  the  saturation  problem,  and 
are  also  investigating  some  of  the  practical  implementation 
problems . 
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SYSTEM  CONCEPT 
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C.  U.  S.  Army  Board  for  Aviation  Accident  Research  (USABAAR),  Ft. 
Rucker,  Alabama-  In  December,  Major  Ron  Merritt  (now  Lt.  Col. 
Merritt)  reviewed  the  U.  S.  Army  PWI  requirements  at  Ft.  Rucker. 

In  summary  of  that  presentation,  Major  Merritt  indicated  the 
Amy’s  serious  concern  of  mid-air  collisions  which  are  in  areas 
of  high  density  operations,  the  training  mission.  Basically, 
the  mid-air  accidents  occurred  Between  Army  aircraft  of  the 
same  type  and  flying  the  same  mission;  helicopters  in  basic 
instrument  training  have  contributed  to  the  highest  percentage 
of  these  accidents. 

The  basic  requirements  indicated  for  a  PWI  system  to  operate 
within  the  Ft.  Rucker  environment  is  generally  as  follows: 

1.  High  density  training  operation 

2.  Operate  within  low-closure  environments 

3.  Buffer  zone  afforded  each  aircraft  should  not  exceed  2000 
feet  horizontal  and  +  300  feet  vertically. 

4.  Weight  10  lbs.  maximum 

5.  Display  to  provide  positive  means  of  warning  the  pilot. 

6.  Low-cost 

Early  in  the  spring  of  this  year  a  number  of  manufacturers 
responded  to  a  request  by  USABAAR  to  participate  in  a  flight 
test  program  of  "off-the-shelf"  hardware,  to  determine  the 
feasibility  of  providing  PWI  hardware  to  the  specified  require¬ 
ments.  Each  manufacturer’s  system  was  test  flown  for  a  two 
week  period,  with  data  gathered  for  a  comparative  evaluation, 
and  to  provide  data  on  the  feasibility  of  the  technique. 

The  results  were  encouraging,  in  fact,  30  encouraging  that  two 
manufacturers  have  agreed  to  participate  in  another  evaluation 
in  October  and  November.  One  manufacturers  system  is  an 
adaptation  of  the  radar  altimeter,  with  the  other  manufacturer 
utilizing  a  interrogator/transponder  approach.  Both  systems 
provide  for  visual/aural  warning  displays. 

The  USABAAR  approach  is  applicable  to  a  specific  environment 
and  is  acceptable  for  the  training  mission. 

D.  FAA  -  National  Aviation  Facilities  Experimental  Center  (NAFEC)  - 
ttiere  are  two  basic  PWI  programs  at  MFEC  which  are  oriented  to 
help  the  pilot  on  the  ground  and  in  the  air,  including  the  develop¬ 
ment  of  criteria,  techniques,  or  hardware  for  potential  PWI  candi¬ 
dates. 
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Low-Cost  Collision  Avoidance  Ground  Training  Equipment  - 
This  program  was  just  completed  in  July  i960,  and  the 
Final  Report  No.  NA-68-37  entitled,  "Evaluation  of  Low- 
Cost  Collision  Avoidance  Ground  Training  Equipment,"  is 
within  its  final  stages  of  completion. 

The  objective  of  this  project  was  to  determine  the  effec¬ 
tiveness  of  such  a  system  of  low-cost  aids  and  procedures 
in  improving  visual  search  by  improved  scan/search  tech¬ 
niques  while  performing  normal  VFR  task  requirements. 

Previous  studies  and  most  of  our  own  practical  experience 
indicates  that  a  rather  small  amount  of  the  total  time 
available  is  spent  looking  outside  the  cockpit  of  modern 
aircraft.  Training  in  "time -sharing,"  or  the  division  of 
attention  between  inside -the -cockpit  duties  and  outside- 
the -cockpit  search  for  other  aircraft  is  an  additional 
need  to  support  the  "see  and  avoid"  concept.  The  conclusions 
reached  on  these  studies  indicated  that  if  visual  attach¬ 
ments  were  used  with  today’s  flight  simulators,  a  signifi¬ 
cant  contribution  could  be  made  to  a  pilot’s  overall  skill 
and  the  ability  to  detect  intra  and  extra  cockpit  emergencies. 

FAA's  Cessna  single  engine  flight  simulator,  Figure  1,  fully 
instrumented,  situated  in  the  center  of  a  partial  sphere  of 
10  feet  radius,  was  the  test  configuration.  The  pilot  had 
virtually  the  Cessna  visual  capabilities  from  the  side  door, 
front  windshield,  to  the  opposite  side  door.  The  luminance 
of  the  dome  was  varied  for  above  horizon  brightness,  and 
below  horizon  fade -off. 

The  device  being  tested,  constituting  intruder  aircraft  or 
targets  to  be  detected,  was  displayed  as  real  aircraft  images 
by  the  use  of  a  35  mm  magazine  load,  slide  projector  with  a 
3"  lens.  This  projector  was  suspended  above  the  cockpit  on 
a  TV  rotor,  Figure  2.  Remote  control  could  change  direction 
or  azimuth  of  -projector,  and  could  also  provide  timing  incre¬ 
ments  of  a  shutter  to  vary  exposure  of  the  image  to  the  pilot, 
Figure  3»  These  intruder  aircraft  images  varied  in  simulated 
wing  span  dimensions  and  viewing  distances. 

With  a  set  script  of  10  training  sessions  (lasting  35-^0 
minutes  each)  which  consisted  of  a  local  VOR  cross-country 
flight,  FAA  student,  private,  and  professional  pilots  par¬ 
ticipated.  After  the  series  of  10  training  sessions,  pooling 
of  the  general  score  is  as  shown  in  Figure  b. 

Other  data  gathered  from  this  program  included  precentage  of 
detection  by  target  size,  detection  as  a  function  of  elevation 
and  brightness,  and  others. 
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PER 


FIG.  4  DETECTION  SCORES,  FLIGHT  CONTROL  SCORES,  AND 
MALFUNCTION  INDICATION  SCORES  BY  SESSIONS 


This  approach  has  shown  the  practical  use  of  this  device 
and  the  benefits  that  would  be  gained  in  pilot  training 
at  many  of  our  training  facilities. 

FAA  is  presently  planning  to  develop  a  number  of  packages 
to  offer  to  flight  training  schools,  both  civil  and  military, 
for  the  purpose  of  verifying  the  validity  of  the  equipment 
and  the  time  sharing  practice  program. 

Analysis  of  Visual  Separation  Techniques  -  This  program  is 
in  its  beginning  phases  scheduled  for  comple-tion  in  about  18 
months  by  Rowland  and  Co.  of  Haddonfield,  New  Jersey.  So 
with  it  just  beginning,  a  review  of  the  objectives  will  be 
briefly  stated.  The  contract  will  attempt  to  provide  for: 

a.  The  determination  of  the  effectiveness  of  the  "see-and 
avoid"  concepts  of  aircraft  separation,  by  analytical 
and  simulation  techniques.  Review  of  all  previous  work 
efforts  related  to  the  visual  illusion  problems  experi¬ 
enced  in  flight  which  result  in  spatial  disorientation 
will  be  accomplished.  Recommendations  of  additional 
work  or  tests  that  may  be  performed  to  provide  informa¬ 
tion  or  techniques  in  illusion  solving  cues  is  expected 
to  result. 

b.  Recommendations  for  standardization  of  aircraft  exterior 
lighting.  As  we  all  know  this  is  a  controversial  subject, 
especially  with  the  techniques  now  available  of  flashing 
red  lights,  flashing  white  lights,  xenon  strobes,  etc. 

As  a  result  of  this  study  it  is  hoped  that  we  can  proceed 
to  a  modern  system  to  aid  in  FVI  search  concepts. 

c.  The  investigation  of  aircraft  separation  standards  in  FAR 
91,  Part  B  (aircraft  to  cloud)  to  determine  their  adequacy. 

d.  Development  of  quantitative  criteria  for  FWI.  Develop 
specifications  and  a  flight  test  plan  for  the  PWI.  This 
is  one  of  the  primary  phases  of  this  contract.  Granted 
a  preliminary  specification  or  characteristic  is  known 
and  is  generally  being  used  today  as  a  guideline,  a  major 
phase  of  this  program  will  be  to  determine  what  informa¬ 
tion  will  be  most  beneficial  to  a  pilot  under  many  situa¬ 
tions  . 

With  this  program,  FAA  expects  to  supplement  the  PWI 
approaches  taken  or  be  able  to  provide  data  to  all  designers 
that  our  criteria  and  characteristics  of  today  are  valid. 
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E.  FAA  Near-Midair  Collision  Study  - 

On  January  1,  196B,  FAA  Instituted  a  one  year  study  of  near 
midair  collisions  and  invited  (on  a  no  penalty  basis)  all 
pilots,  controllers,  and  other  persons  involved  to  partici¬ 
pate  in  the  reporting  of  these  "near  misses" .  Response  to 
to  the  invitation  has  been  extremely  encouraging. 

The  task  of  classifying  all  this  information  into  useful  tools 
is  being  accomplished  by  an  experienced  team  of  FAA  pilots,  air 
traffic  controllers,  and  operations  research  analysts.  The 
processing  of  each  report  can  provide  as  many  as  250  distinct 
pieces  of  information  which  are  sorted,  grouped,  and  entered 
on  computer  magnetic  tapes.  These  code  250  data  elements 
describing  the  most  pertinent  operational  factors,  problem 
areas,  cause  of  near-miss,  plus  a  summing  of  the  traffic  advisory 
situations  will  permit  computer  correlation  of  selected  factors 
best  describing  the  circumstances  under  which  near-miss  incidents 
are  occurring. 

Initial  classification  areas  include  the  following: 

1.  Enroute /Terminal  Traffic 

2.  Type  of  Flight  Plan 

3.  Altitude  Levels 

U.  Radar  Service/positive  control  involved 

5.  Operator  involvement 

6.  Convergence  on  NAVAID  and/or  Airport 

7.  Phase  of  Flight 

The  primary  breakdown  separates  the  classification  areas  into 
three  categories: 

1.  No  Hazard  -  This  group  includes  all  incidents  where  the 
pilots  had  ample  time  to  judge  the  possibility  of  a  conflict 
and  to  alter  course  without  difficulty. 

2.  Potential  -  These  potential  incidents  are  those  which  required 
immediate  evasive  action  to  avoid  a  collision. 

3.  Critical  -  Critical  incidents  are  "NEAR-MISSES"  which  did  not 
allow  time  for  evasive  action,  and  where  disaster  was  averted 
by  chance  rather  than  by  procedure . 

With  the  one  year  of  data  gathered,  at  the  conclusion  of  19^, 
and  the  data  reduced,  a  report  will  be  available  prior  to 
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May  1,  1969.  This  study  will  provide  not  only  insight 
as  to  what  the  conditions  of  the  greatest  hazard  are, 
hut  also  will  provide  various  data  for  use  in  the  design 
and  development  of  collision  prevention  devices  and  the 
improvement  of  communication  systems,  air  traffic  control 
systems,  etc. 

Generally  these  data  include,  as  a  minimum: 

1.  Closure  Rates  -  at  various  altitudes 

2.  Relative  Bearing  - 

3.  Relative  Altitude  -  Vertical  separation,  climb/level, 
descend/level,  level/level,  etc. 

4.  Range  -  at  first  sighting;  at  closest  proximity 

5.  Bearing  and  elevation  angle  rates  - 

6.  Time  -  relative  to  sighting  vs  pilot  response 

7.  Elevation  angles  - 

With  the  above  data,  information  will  be  available  as  to 
what  caused  alert  (lights,  color,  noise,  smoke,  etc.), 

VFR/lFR  conditions,  day/night,  and  others. 

FAA  appreciates  the  conscientiousness,  continuing  cooperation, 
and  promptness  of  all  those  parties  involved  in  filing  these 
reports.  It  has  been  pointed  out  by  the  FAA  analysts  that 
a  pilot  who  has  experienced  a  "potential"  or  "critical"  near- 
miss  is  usually  eager  to  participate  in  this  program. 

"Most  pilots  do  not  have  to  be  told  twice  —  no  one  is 
more  interested  in  contributing  to  aviation  safety  than  those 
who  fly  regularly-"  David  Gelfan,  FAA  Office  of  Information 
Services . 

VT.  PWI  EQUIPMENT  CIIABACTERISTICS 

In  PWI  Symposium  Proceedings,  the  "best  estimate"  equipment  charac¬ 
teristics  were  defined.  The  following  is  a  summary  of  those  charac¬ 
teristics: 

1.  VFR  Operations 

2.  Non-cooperative  is  ideal,  but  as  a  minimum,  cooperative 
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3.  Satisfactory  operation  in  a  multi -aircraft  environment 
(Airport  Terminal  Area). 

4.  Azimuth  Accuracy  (relative  to  equipped  aircraft  heading) 

+  10-15° 

5-  Azimuth  Coverage 

Minimum:  Nose  +_  45° 

Desired:  Nose  +  100° 

Ideal  :  360° 

6.  Elevation  Accuracy  (relative  to  equipped  aircraft  altitude) 
+  5° 

7.  Elevation  Coverage  +  10° 

8 .  Range 


2-3  mile  at  150  ktsT  ,  .  -  .  . 

c  ,  ,,  .  '  ,  .  \  partial  solution 

5-6  mile  at  300  ktsj  r 

9.  Altitude  -  sea  level  to  user  practical  altitude  levels 

10.  Weight  -  15-25# 

11.  Power  -  100-150  watts 


12.  Cost  -  $1500 -$3500 


13.  Visual  Display 


No  attempt  is  made  here  to  define  any  appropriate  display  due  to 
the  various  combinations  of  FWI  parameters  possible.  Any  display 
should  be  human  engineered  to  maximize  the  benefits  that  the  FWI 
provides  to  the  pilot. 

The  above  characteristics  are  the  ^irst  cut  requirements  and  offer 
only  a  partial  solution  but  are  of  interest  to  owners  of  aircraft 
that  have  varying  degrees  of  performance. 


V.  SUMMARY 


Within  this  technical  convention  a  number  of  proposed  systems  and 
techniques  have  been  presented.  Where  do  you,  the  designer,  manu¬ 
facturer,  and  user  stand  in  relation  to  FWI? 
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On  conclusion  of  the  IVI  Symposium  in  December  1967,  a  question¬ 
naire  was  sent  out  to  the  attendees  to  obtain  an  indication  of 
the  audience's  reaction  or  response.  Generally,  there  was  some 
hesitancy  to  admit  that  a  FWI  is  economically  feasible,  and  that 
a  non-cooperative  IVI  was  within  the  state-of-the-art.  However, 
at  least  50‘jf)  of  the  responses  have  current  or  planned  "in-house" 
programs ! 

FWI  as  an  airborne  device,  to  aid  pilots  in  evaluation  of  conflicts 
should  be  pursued  by  industry  to:  conduct  "state-of-the-art" 
searches  of  technology,  help  define  potential  system  specifications 
design,  build,  and  test  promising  techniques. 

But  whatever  the  solution(s)  are,  it  is  FAA's  desire  to  encourage 
any  individual  or  organization  to  pursue  the  development  of  an 
adequate  "Pilot  Warning  Instrument"  for  the  safety  and  efficiency 
of  the  airways . 
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D.  Questionnaire  Distributed 
August  19b8 
and  Reply  Matrix 


Questionnaire 


1.  To  what  extent  is  your  organization  involved  in  precision  time- 
frequency  technology? 

2.  What  level  of  effort  (manpower  assigned)  is  maintained  at  your 
organization  in  time -frequency  technology? 

3.  Is  your  time -frequency  involvement  theoretical,  analytical,  or 
hardware -oriented? 

4.  What  particular  time -frequent"'  oriented  programs  are  you  currently 
involved  in?  Under  what  sponsorship?  What  classification? 

5.  What  facilities  do  you  have  or  operate  peculiar  to  precision  time- 
frequency  techniques? 

6.  Have  you  been  otherwise  involved  in  the  avionics  aspects  of 
communications,  navigation,  air  traffic  control,  etc.? 

7.  Is  your  organization  prepared  to  suggest  or  propose  new  approaches 
to  clock  synchronization,  epoch  setting,  or  other  aspects  of  world¬ 
wide  time-keeping  ir  the  microsecond  regime? 

8.  Can  your  organization  participate  in  consultive  meetings  with  the 
FAA  on  time -frequency  matters  without  formal  financial  support? 

To  what  extent? 
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appendix  V 


Questionnaire  December  1968 


1.  As  a  result  of  the  presentations  and  discussions  at  the  meeting,  have 
your  opinions  as  to  establishing  and  maintaining  common  time  synch¬ 
ronization  changed?  If  so,  how? 


2.  Do  you  believe  that  obtaining  precision  time/ frequency  as  a  super¬ 
imposed  secondary  mission  to  navigation  and  communication  service 
is  a  desirable  approach? 

If  yes,  why  -  economy,  simplicity,  transitional  ease,  etc. 

If  no,  why  -  compromise,  inefficient,  etc. 


3.  If,  as  currently  planned,  the  FAA  establishes  a  network  of  ground 
stations  synchronized  to  a  common  time  to  within  +  .  5  ps,  do  you 
envision  any  possible  use  of  this  network  to  your  organization?  If 
so,  would  such  possible  use  influence  the  design  of  the  ground 
stations?  How? 


4.  Do  you  envision  any  requirements  by  your  organization  for 
synchronized  time  to  an  accuracy  greater  than  +  .  5  ps? 


5.  Do  you  have  comments  concerning  the  "Typical  Ground  Station  Timing 
Scheme,"  recommended  by  Dr.  Winkler? 

6.  Do  you  feel  that  utilization  of  world-wide  linear  time  from  atomic 
devices  would  compromise  operation  of  navigation,  communications,  or 
other  facilities  utilized  by  your  Service? 


7.  Do  you  agree  that  U.  S.  National  Standards  are  essential  to  insure 
operation  of  a  T/F  -  CAS? 

Do  you  feel  a  study  group,  representative  of  all  users,  should  stait 
coordination  of  requirements  for  a  U.  S.  National  Standard  at  this  time? 

Who  do  you  recommend  as  a  knowledgeable  service  representative? 
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8.  Do  you  feel  that  terminology  standards  should  be  compiled  at  this 
time?  Can  your  Service  provide  terminology  standards  currently 
in  use? 

9.  After  reviewing  the  information  presented,  do  you  believe  another 
meeting  on  the  subject  would  be  fruitful? 


Please  answer  and  remove  these  two  questionnaire  pages  and  return  in 
the  self-addressed  envelope. 
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